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C hapter 1 
Introduction
A b stract
IN the first chapter of this thesis a background of the presented research is given. Most work is performed on the so-called III/V  materials and often on thin films of these materials. Therefore, 
first a short overview of the different methods of fabricating III/Vs and thin film III/Vs is given. Next, 
the background of the epitaxial lift-off (ELO) process with its possible applications and the theoretical 
model by Yablonovitch is outlined. The last part of this chapter deals with solar cells, because a part 
of the research, described in this thesis, is about ELO-based solar cells.
1
1.1 I I I /V  m aterials
THE semiconductor industry heavily relies on the m aterial silicon, mostly because silicon is able to form a very controllable electrically insulating oxide layer and because the 
m aterial is abundantly available in nature and therefore relatively inexpensive. For many 
applications, like micro-electronic circuitry, these qualities are very favourable. However, for 
opto-electronic circuits, materials with direct bandgaps are needed in order to obtain good 
and efficiently working devices. One group of materials th a t displays this quality is the group 
of III/V  materials, which are formed by a one-to-one combination of elements from the third 
(mostly aluminium, gallium, and indium) and fifth (mostly nitrogen, phosphorus, arsenic, and 
antimony) column of the periodic table. These materials have the advantage th a t by changing 
the fractions of each element, while keeping the one-to-one ratio between th ird  and fifth column 
elements constant, many semiconductor properties, like bandgap, lattice constant, chemical 
stability etc. can be tuned. Furthermore, by adding of certain elements like zinc, carbon or 
silicon, p- or n-type doping of the materials can be obtained.
The III/V  materials, however, have the disadvantage th a t they are not able to form a stable 
and controllable oxide layer and most of the materials are relatively expensive because of their 
scarceness in nature. Crystal growth techniques like liquid encapsulated Czochralski (LEC) 
growth, horizontal Bridgeman (HB) m ethod or the vertical gradient freeze (VGF) method 
are often employed for fabricating good quality III/V  m aterial crystals. These methods are 
usually only used for binary III/V  compounds like GaAs and InP, because the control of the 
composition for ternary or more complicated compounds is very difficult. The large crystals 
obtained are usually cut into wafers and III/V  device structures are then formed by a crystal 
growth process on these substrates. Common epitaxy techniques are liquid phase epitaxy 
(LPE), molecular beam epitaxy (MBE), metal organic vapour phase epitaxy (MOVPE) or 
combinations of these techniques. In general, a th in  layer or stack of layers in the order of a 
few micrometers is deposited on a substrate tha t should approximately have the same lattice 
constant, in order to obtain a good single-crystalline structure. Depending on the composition 
the lattice constant of III/V  materials can be tuned between ~  0.54 and ~  0.65 nm (see figure 
1.1). However, most of the III/V  materials are not available as substrates. In practice, one 
usually has to choose between GaAs or InP substrates with lattice constants of 0.5653 and
0.5869nm (at 293K [1]), respectively. As a consequence the choice of materials th a t can be 
grown is limited to compounds with lattice constants th a t do not deviate too much from one of 
the aforementioned values. Nevertheless, a whole range of binary, ternary and quaternary III/V  
materials with bandgaps between 0.7 and 2.3eV can be produced th a t fulfil this requirement, 
as can be seen from figure 1 .1 .
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Lattice constant (nm)
Figure 1.1: Diagram showing lattice constant and bandgap energy of the classical III/V  materials.
Only binary compounds (o, •) and ternary compounds (lines) are shown in the figure, but 
quaternary compounds like AlGaInP and InGaAsP are possible as well. Filled circles and 
full lines indicate direct bandgaps, open circles and dashed lines indirect bandgaps.
1.2 Thin film I I I /V  m aterials
A drawback of III/V  based devices are the high production costs, mainly caused by the price 
of the substrates. Unfortunately the substrates are necessary to obtain the generally desired 
single crystal layer structures or devices. Once a device is grown, the substrate usually does 
not have a function other then being an expensive carrier of the device structure. On the 
other hand, a thin film device is sometimes desired for device integration with other materials 
or for better cooling possibilities. There are several methods for obtaining these thin films. 
The crudest process is a selective etching process in which the complete substrate is removed, 
using an etch stop layer to protect the device of film. This has been dem onstrated both  for 
GaAs [2-5] and InP based materials [6,7]. Another m ethod proposed is the so-called CLEFT- 
process (cleavage of lateral epitaxial films for transfer) [8- 1 1 ], in which a carbonised photoresist 
mask with narrow, widely spaced stripe openings is first deposited on the substrate. After a 
lateral overgrowth process the epilayer is bonded to a superstrate and epilayer and substrate 
are separated via a cleaving step. The CLEFT procedure has been dem onstrated both on 
GaAs [8,12] and on InP substrates [13]. A variation on the CLEFT procedure is the so-called 
Sm art-Cut process [14-18], which employs H+ implanted ions in the GaAs layer to create a 
preferential cleaving plane.
The epitaxial lift-off (ELO) process [19], also referred to as peeled film technology (PFT) [20]
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also offers the possibility of obtaining thin-film devices, while not harming the substrate. The 
basis of the ELO process is the application of a th in  (5—10 nm), single crystalline sacrificial layer 
on the substrate before the deposition of the actual device takes place. For GaAs based devices, 
usually aluminium-gallium arsenide with a high aluminium fraction (AlxG ai_xAs, x > 0.6) is 
chosen. Since AlGaAs has a lattice constant th a t is almost identical to th a t of GaAs, almost no 
additional lattice misfit strain is introduced and the perfect crystal structure of the substrate 
can be maintained. After the growth process of the AlGaAs layer and the device, the AlGaAs 
release layer is selectively etched away with HF solution, thereby separating the substrate from 
the device or film. The substrate is not damaged and can be reused for the next deposition 
cycle [21], while the th in  film device of excellent quality [22] can be mounted on any arbitrary 
carrier.
1.3 Background o f th e  ELO process
In 1978 Konagai et al. [20] reported for the first time on ‘peeled film technology’ (PFT), a 
technique which allowed the separation of a thin film from its substrate by selective etching 
of a sacrificial Alo.7Gao.3As release layer with an HF solution. Liquid phase epitaxy was used 
to produce samples consisting of 30 ^m  GaAs on top of a 5 ßm  thick release layer. Black 
wax was applied on top of the samples to prevent corrosion of pre-evapored metal structures 
at the surface and to provide support for the fragile films, once they were released. This 
etch process was found to stagnate at etch depths of a few millimetres, since etchant and 
reaction products could not exchange sufficiently fast through the elongated narrow slit [12]. 
Nevertheless, Konagai et al. were able to use this technology to obtain small area GaAs films 
tha t were further processed into solar cells. In their article they also describe an extension 
of the method, called m ulti-PFT, in which ten consecutive GaAs layers with intermediate 
AlGaAs release layers are deposited on a single substrate. Using this method, numerous GaAs 
th in  films can be obtained from one substrate in a single deposition cycle by dissolving the 
AlGaAs layers. In 1987 Yablonovitch et al. [19] found th a t th in  GaAs layers with thicknesses 
in the order of a few micrometers are influenced by the tension induced by the black wax. 
This tension causes compression in the GaAs films, leading to a slight up-curling at the film 
edges. Consequently, the crevice between film and substrate is kept open and etchant and 
reaction products can be exchanged more freely. The etch process, now referred to as epitaxial 
lift-off (ELO) is essentially continuous and the etch front propagates at a constant etch rate. 
Although ELO is usually applied on GaAs based devices, using black wax as a tem porary carrier 
of the thin films, the technique has also been dem onstrated on several other materials systems, 
like CdTe [23], ZnSSe [24], InP [25], InP/InG aA s [26] and silicon [27] and using polyimide as a 
tem porary carrier [28,29]. The thin films obtained in this way can be cemented or Van der Waals 
bonded on arbitrary carriers for further processing [15,30-32]. Several ELO based devices have 
already been produced, such as GaAs and /o r AlGaAs transistors (HEMTs [33], M ESFETs [34]
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and heterojunction bipolar transistors [35]), resonant tunnelling diodes [36], LEDs [37,38], 
photodiodes [39], laser diodes [40,41], GaAs based metal-semiconductor-metal photodetectors 
[42], a Fabry-Perot resonator [43] and GaAs [44-50] and InGaP [25,51-53] solar cells on silicon 
or glass. In addition, the integration of III/V  ELO-devices with other structures [54], like 
AlGaAs/GaAs two-dimensional electron gas bolometric mixers combined with a quartz-based 
microstrip circuit [55], GaAs based LEDs on silicon driver circuits [56] and a semiconductor 
with a surface acoustic wave device [57] has been demonstrated. Another application tha t 
utilizes a form of epitaxial lift-off is the fabrication of nanotubes or nanohelices [58-60]. A 
th in  strained InGaAs/GaAs bilayer is separated from the GaAs substrate it is deposited on by 
the selective etching of a sacrificial AlAs layer with HF solution. Due to the intrinsic strain 
the bilayer curls up to form a perfect single-crystalline tube with a diameter varying between 
2nm  and 100 ßm  and a wall thickness down to 0.5 nm [58]. Possible applications for these 
nanodevices include the formation of micro- and nanoneedles for biological applications [61] 
and for inkjet printing [62] and several other nanoelectronic and nanomechanic devices [63].
ELO, however, is only of interest for industrial utilization if device and substrate are sep­
arated with a sufficiently high etch rate. The lateral etch rate (VQ of this process therefore 
is of great importance and has been under serious investigation in the last years [52,64-66]. 
Maeda et al. [64] investigated the influence of tem perature on the etch rate. They found tha t 
compared to 0 °C, higher tem peratures resulted in a eightfold increase of the lateral etch rate, 
reaching a maximum of 1 m m /h  at 40 °C. For this purpose the addition of a surfactant and an 
anti-foaming agent to the HF solution proved to be necessary. Sasaki et al. [65] investigated the 
influence of pressure on the process. They found th a t the lateral etch rate in M aeda’s process 
was accelerated up to 1.8 m m /h  by placing the set-up in a 5 bar nitrogen environment. For 
practical purposes, however, this pressurised etching is not very convenient.
In 2000, Schermer et al. [52] (chapter 3) reported a lateral etch rate exceeding 10m m /hr 
using a weight-induced epitaxial lift-off (WI-ELO) process. The WI-ELO process employs a 
plastic foil, mounted on the device with black wax and a weight to provide the necessary 
curvature (see figure 1.2). The influence of release layer thickness and tem perature on the 
etch rate was investigated. It was found th a t thinner release layers result in higher etch rates. 
However, there is a limit to this. If the release layer gets too th in  (< 3nm ), surface roughness, 
diffusion problems and probably a different surface chemistry cause the etch process to come to 
a halt. In addition, the influence of tem perature showed to be different from the result reported 
by Maeda et al. [64], because an exponential increase in etch rate for increasing tem peratures 
was observed. At the maximum tem perature investigated of 80 °C an etch rate of 11 m m /h  was 
obtained, which is ~  3 times faster than  the etch rate at room tem perature. In chapter 4, the 
influence of the applied radius of curvature on the ELO process is described [66]. It was found 
tha t smaller radii of curvature resulted in higher lateral etch rates (up to >  30 m m /h  at a radius 
of 7 mm). These high etch rates of AlGaAs in the ELO configuration were compared with bulk- 




Figure 1.2: (a) Side view of the set-up, used for the weight-induced epitaxial lift off procedure. (b) 
Detail of a support rod with sample, foil, weight, and HF droplets.
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the ELO etch rate through the narrow crevice between substrate and epilayer can be 15 times 
higher than  the etch rate for freely accessible layers. This gave reason to believe th a t the strain 
induced in the AlGaAs layers by the applied curvature results in an increased etch rate [67] (see 
chapter 6). Furthermore, it was found th a t the cleaning procedure of the sample is essential to 
obtain reliable data on the lateral etch rate of the ELO process. Comparing the measured etch 
rates with values derived from a model, originally developed by Yablonovitch [19] (see section 
1.4), showed both  quantitative as well as qualitative discrepancies. Under the conditions applied 
in the experiments the model predicts lateral etch rates in the order of 3 ß m /h  whereas etch 
rates up to 10 000 times larger are obtained in practice. The relation between the measured 
etch rates and applied radii of curvature turned out to be different from theory as well. The 
model predicts th a t Ve ~  R_0.5, whereas he experiments showed th a t the etch rate is described 
by the sum of a radius-independent part and a part Ve(R) ~  R _ 1-2. In chapter 5 the behaviour 
of this radius-independent part was investigated. It was found th a t higher aluminium fractions 
of the release layer resulted in significantly higher etch rates (up to 106 times faster for an 
aluminium fraction varying between 0 and 1). Doping of the release layer showed no effect in 
case of n-type doping and a significant effect (~  factor 5 for a doping range varying by a factor 
of 5500) in case of p-type doping [68].
The huge difference in predicted and measured etch rates has led to the belief th a t one or 
more of the assumptions of the Yablonovitch model (see section 1.4) must be wrong. In chapter
7 it is shown th a t one of the assumptions, namely the formation of 3 moles of hydrogen per 
mole of AlAs etched, does not hold, because arsine is the main gaseous reaction product th a t is 
formed. Investigation of the reaction formula describing the etching of AlAs with HF showed 
tha t besides arsine also an aluminium-fluoride complex was formed, both  in solution in the 
form of [AlFn(H2O)6_n](3_n)+ with n =  1. . .3,  and in a solid phase via the formation of a white 
AlF3 • 3 H2O powder [69].
1.4 Y ablonovitch’s m odel
In 1987 Yablonovitch et al. [19] described a model to determine the maximum attainable lateral 
ELO etch rate, based on the diffusion of hydrogen gas out of the etch crevice between substrate 
and device. Since Yablonovitch’s model is under thorough investigation in this thesis, it is 
outlined in detail in this section.
In the model, the th in  AlAs release layer with a thickness h in a range between 2 and 
50 nm is etched with an aqueous HF solution through a narrow etch slit, as shown in figure 
1.3a. The model is implicitly based on the assumption tha t the etch rate is constant over 
the width of the sample (b) during the whole process. It is furthermore assumed th a t etching 
of AlAs with aqueous HF solution produces three moles of H2 gas per mole of AlAs etched 
and th a t the removal of this hydrogen from the etch front is the speed limiting factor of the 
etch process. The concentration of dissolved hydrogen n is the highest at the point where it
7
Ifilm
X =  L /  'x '=  0 \ x
substrate / sample width = b
(a)
removal of H2 (mole) 
through area hb:
h-b-D-




■ H2 production (mole) 
in volume hbdx:
*  !
! 3 h b d x N m
dx
x = 0
Figure 1.3: Schematic drawing of the ELO process (cross-section), according to Yablonovitch’s model;
(a) without induced curvature of the film, (b) detail of figure (a) indicating the amount of 
H2 produced (right) and the amount of H2 that diffuses out of the etch crevice (left), (c) 
idem but with curvature of the film. The dimensions are not on scale.
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is generated and gradually falls off with the distance from the etch front (n =  n(x)). The 
etch process therefore reaches its maximum speed if the concentration of dissolved H2 at the 
etch front equals the maximum allowable concentration of H2 (i.e. the solubility of H2) in the 
solution (nm =  0.63 • 10_6 m ol/cm 3 [70]). In figure 1.3b it is shown th a t in a period dt, the etch 
front moves over a distance dx, causing the production of 3hbdxNm mole of H2 from a hbdx 
AlAs volume. Nm is the molar concentration of AlAs, given by 1 /(m olar volume of AlAs) =  
PAiAs/(molar mass of AlAs). W ith a density of 3.729g/cm 3 and a molar mass of 101.9g/mole 
[1], Nm is calculated to be 0.0366 m ol/cm 3.
Following Yablonovitch, the amount of hydrogen produced in this time-frame is set equal to 
the amount of hydrogen th a t diffuses out of the etch crevice through the area hb (the amount 
of hydrogen produced is 175 000 times more than  the amount of hydrogen th a t can be dissolved 
in the volume in the etch crevice):
dn
3hbdxNm =  hbD— dt.  (1.1)
dx
D  is the diffusion coefficient, which is tem perature dependent [64] via:
D =  D 0 • e_Ea/kT , (1.2)
with D 0 the diffusion coefficient at infinite tem perature, E a the activation energy, k the Boltz­
m ann constant and T  the absolute tem perature in K. Via the following steps (also see figure 
1.3b), an expression for the lateral etch rate is obtained:
dn
3hbdxNm =  - h b D — dt 
dx
dx  dn
3Nm =  - D —  dt dx
3NmVe =  —D
dn
dx
J  3NmVedx =  — J  Ddn
0 n
3NmVeL  =  Dn
L 0
The maximum attainable etch rate is found when n equals n m i.e. Ve>max =  ¡ n l  . Fur­
thermore, it follows from equation 1.3 th a t Ve decreases when L increases. This explains the 
observation th a t in practise the etch process comes to a halt at a certain depth in case of a 
rigid film th a t is not curled up.
Yablonovitch et al. found out th a t if the film is sufficiently th in  the application of a droplet 
of black wax on top of the epitaxial film creates a tension. This causes the film to curl up 
with a certain radius of curvature R  when released from the substrate, as can be seen in figure
9
1.3c. Effectively, the height of the etch slit for the diffusion of hydrogen is now given by h +  A. 
For a circular shape of the film (y =  V R 2 — x 2), A as a function of x  is obtained via a Taylor 
approximation around x  =  0, giving A =  x2/(2R ). For this situation an expression for the 
lateral etch rate is obtained via the derivation:
Í  x2 \  dn 





h +  S
3NmVe
2Rh 
2Rh +  x 2
dx =  — / D dn







because L \/2Rh  =>- arctan
L —
Ve
V2Rh  2 
1 Dn
3—y/R h /2  N n
(1.4)
The maximum attainable etch rate V ,max is found by substituting n w ith n m in equation 1.4.
From equation 1.4 some interesting conclusions can be drawn. First, the etch process is 
independent from the etch depth, because the process now ‘encounters’ an effective etch depth 
Leff of —y^Rh/2, which equals ~  35ßm  for realistic values of R  and h (50mm and 5nm  
respectively). In theory, no obstruction from the narrow etch slit is expected anymore and the 
process can be applied to release large area films from their substrates. Second, the etch rate 
is indeed constant over time. Third, when substituting the appropriate values for D, n m and 
Nm in equation 1.4, the maximum attainable etch rate as function of the three relevant process 





with Ve in m m /hr, R  and h in mm and T  in K. By filling in appropriate values for R, h and 
T  (50mm, 5nm , and 298K, respectively), the maximum etch rate is found to be in the order 






1.5 Introduction  to  solar cells
There are many types of solar cells. An extended overview is given by Kazmerski [71]. In 
this thesis, only III/V  solar cells will be addressed. The most suitable III/V  material for a 
single junction solar cell is GaAs, since it has the optimal bandgap to achieve high energy
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Semiconductor bandgap (eV)
Figure 1.4: Maximum achievable energy conversion efficiency as function of bandgap for the AM0 and 
the AM1.5 spectrum. These spectra are standardised solar spectra with a total irradiation 
of 1353 W /m 2 relevant for the situation in space and 1000 W /m 2 representing the average 
terrestrial conditions, respectively [72].
conversion rates (see figure 1.4). III/V  solar cells in general and those made of phosphorus 
containing materials like InP and InGaP in particular have also proven to be very resistant 
against irradiation [73, 74]. It was found th a t a smaller bandgap of the solar cell material 
results in a stronger decrease in the photo-generated current in the surface layer of the cell, 
hence the relatively low radiation resistance of crystalline silicon solar cells [74]. Higher optical 
absorption also results in better resistance against irradiation; the direct bandgap solar cells, 
such as cells based on III/V  materials, therefore outperform the indirect bandgap materials like 
silicon under these conditions [75]. The superior radiation resistance of phosphorus based III/V  
materials over other III/V  materials is attribu ted  to the lower damage constant [75]. This is 
caused by the fact th a t due to illumination, minority-carrier injection-enhanced annealing of 
radiation induced defects in these materials occurs [76-79].
As a result of their high efficiency and good radiation hardness, III/V  solar cells are most 
suited for space applications. For terrestrial applications, their cost still is far too high. Several 
routes are under investigation in order to obtain a better price -  performance ratio. An increase 
in performance is obtained by stacking more cells in a monolithic tandem , e.g. InGaP (Eg =  
1.9eV) on GaAs (1.42eV). The top cell converts the blue part of the solar spectrum, while 
transm itting the red part to the bottom  cell. As a result, a device with the lowest current of 
the two cells and the sum of the voltages of the individual cells is obtained. Another possibility 
to raise efficiency and at the same time lower costs is to place a solar cell in a concentrator setup.
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Cheap lenses or mirrors are used to collect the light and concentrate this on the high-cost solar 
cells so tha t the effective solar cell area is strongly reduced, thereby cutting costs significantly. 
Additionally, an efficiency increase is obtained since the cell current scales linearly with the 
light intensity and the voltage scales logarithmically. This efficiency increase can be as high 
as ~  3% absolute for concentration factors between 100 and 1000 times. It should, however, 
be noted th a t a higher solar cell tem perature, which automatically results from the higher 
illumination intensity, leads to a lower energy conversion efficiency. Good cooling is therefore 
essential for concentrator cells. Another way to reduce costs is by using different substrates 
instead of the expensive GaAs wafers. A good option is germanium (Ge), which has virtually 
the same lattice constant as GaAs (see figure 1.1), but is significantly cheaper. Germanium is 
also stronger than  GaAs so the substrate can be thinner, thereby reducing the weight of the 
solar cell, which is im portant for space applications. The germanium substrate can furthermore 
be used as an active part of the solar cell to create a triple junction cell, thereby increasing the 
efficiency even further.
ELO is another possibility for reducing the costs of III/V  solar cells, because it enables 
reuse of the expensive GaAs substrates. Moreover, the th in  film cells th a t are obtained with 
this technique have several advantages over cells on a substrate. First, they are thinner and 
thus lighter, which results in severe cost reduction for space applications. Second, the thin 
cells are better resistant against cosmic radiation. The cosmic particles often do not damage 
the solar cell itself, but penetrate it to form defects in the substrate on which the solar cell 
is grown. These defects propagate upwards and deteriorate the cell performance. In an ELO 
cell, most cosmic particles might simply pass through the cell without damaging it. Third, the 
cells can be mounted on an arbitrary carrier, like a low weight m aterial for space applications, 
another low-bandgap solar cell to form a mechanically stacked tandem  solar cell [80-82], or a 
good heat conductor in concentrator applications.
1.6 Solar cell operating  principles
A solar cell is a diode with a relatively large surface area, consisting of a base-layer with on 
top of th a t a relatively thin emitter-layer (see figure 1.5). Configurations with a p-type base 
and an n-type em itter or an n-type base and a p-type em itter are both possible. As a result 
of the pn-junction, an electric field is formed in the cell. Light th a t enters the cell generates 
electron-hole pairs, which are spatially separated by this intrinsic electric field. In the example 
given in figure 1.5, electrons move to the top of the cell, while the holes travel to the bottom. 
The electric field across the junction is indicated by E . The electrons recombine with the holes 
at the bottom  of the cell via an external lead, thus completing the circuit. Not all electrons 
and holes reach the contacts on the solar cell due to recombination effects.
Under illumination, the characteristic diode current-voltage (I-V ) curve shifts downward 
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Figure 1.5: Schematical cross-section of a solar cell with a p-type base and an n-type emitter. Light 
creates electron-hole pairs in the cell. Subsequently, the electrons move to the front contact 
while the holes move to the rear contact. Drift is the main transport mechanism for 
electrons in the emitter and holes in the base region, while diffusion causes the movement 
of holes in the emitter and electrons in the base. The electric field across the pn-junction 
(E) is indicated.
by:
I  =  Io
exp (  f r )  -  1 -  I l . (1.6)
In this relation IL is the light generated current, the other part is the dark current, with I0 
a constant, q the electron charge, k the Boltzmann constant, T  the absolute tem perature and 
n f  the diode ideality factor, which typically has a value between 1 and 2 , preferably close to
1. In practice, solar cell I-V characteristics are displayed, with the output curve in the first 
quadrant (see figure 1.6b). By calculating the product of I  and V  for all points on the curve, the 
electrical power output as function of voltage is found. The maximum in this power-voltage 
curve indicates the maximum power point, the setting at which the solar cell generates the 
highest possible power output as shown in figure 1 .6b.
The im portant solar cell parameters can be found from this figure:
• short circuit current Isc: the current at zero voltage. Ideally Isc =  IL. The short circuit 
current is directly proportional to the available sunlight.
• open circuit voltage Voc: the voltage at zero current. Voc increases logarithmically with 
increased sunlight [83]:
voc =  rn (I + 1) . d .7 )
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Figure 1.6: (a) Typical I-V curve of a solar cell (dashed line), formed by shifting a diode curve (solid 
line) downwards over a distance IL, (b) Reversed solar cell I-V curve (solid line) and power 
generation curve (dashed line), indicating the important solar cell parameters Voc, Isc, Vmp 
and Imp (see text).
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• maximum power point: at this point, the product of current and voltage is at its largest. 
The maximum output power is graphically given by the rectangle with the largest area 
th a t can be fitted under the I-V curve (see figure 1.6b), so:
dd P  ( i »
The value for Vmp can then be found from [83]:
Vmp -  Voc _  ( “ T “ )  ln ( n„VBT/q +  1)  • (1'9)
• fill factor FF: the fill factor is a measure of the quality of the cell and is defined as:
F F -  Vm^  • (1.10)
Voc^ sc
Ideally, the fill factor is only a function of the open circuit voltage. By defining a nor­
malized voltage
Voc -  nifkBT /q  , (1.11)
an empirical expression can be found for the relation between fill factor and open circuit 
voltage [72]:
=  «oc -  M voc +  072) (1 12)
«oc +  1 • ( . )
Using the aforementioned parameters, the solar cell energy conversion efficiency is given by: 
V I  V I  FFmp mp oc sc
n - — 5---- - — ß.------ > (1.13)Pin P in
with Pin the to tal power of the light incident on the solar cell. The maximum achievable 
efficiency is dependent on the bandgap of the solar cell material, as shown in figure 1.4. For 
GaAs solar cells under an AM1.5 spectrum, a maximum achievable efficiency of ~  29% is 
predicted [72]. The highest efficiency for such a solar cell, realised in practice, is 25.1% [84]. 
For silicon cells, these values lie at ~  27% and 24.7%, respectively [72,84,85]. The difference 
between the theoretical and experimental value can be explained by reflection at the front- 
surface, an incomplete absorption of the light, recombination on the surface and in the bulk of 
the cell and resistance losses in the cell m aterial and contacts.
1.7 Scope and layout o f th is th esis
The research described in this thesis concerns the study of the epitaxial lift-off process and 
its application for solar cells. Chapter 2 describes the main experimental techniques th a t are 
used in carrying out the investigations. The basis of the ELO research is a model, originally
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developed by Yablonovitch and co-workers. This model is under thorough investigation in 
chapters 3 and 4. Chapter 3 describes the relation between the lateral ELO etch rate and 
the release layer thickness and the tem perature. Chapter 4 addresses the relation between the 
lateral etch rate and the applied radius of curvature. In addition, the assumption th a t the etch 
rate is constant over time is under investigation in this chapter.
From the results described in chapters 3 and 4, several new ideas for further research orig­
inated. In the relation between etch rate and radius of curvature, a radius independent part, 
referred to as intrinsic etch rate, was measured. The influence of several release layer properties 
on this intrinsic etch rate is described in chapter 5.
Chapter 6 addresses the influence of strain on the etch rate of AlAs with HF. This strain is 
believed to play an im portant role in obtaining higher etch rates in the ELO process, compared 
to etch rates for planar AlAs layers. By combining the work from this chapter with th a t from 
chapter 4, a more detailed description of the etch front in the WI-ELO setup is given.
The large difference in measured and theoretically predicted etch rates resulted in a question­
ing of the assumptions in Yablonovitch’s model, especially in the area of the proposed reaction 
formula. The investigation on the actual reaction formula and stoichiometry describing the 
etching of AlAs with HF solution is described in chapter 7.
In order to determine if ELO layers are of sufficient quality and to demonstrate the possi­
bilities of the ELO process, ELO solar cells are produced. Chapter 8 describes the influence of 
different base-thicknesses on the efficiencies of these ELO cells, compared to cells on substrate.
Finally, in chapter 9, the results are summarised and combined to clearly show that 
Yablonovitch’s model needs several serious adjustments. Furthermore, suggestions for further 
research on the chemical, physical, and technical areas of the ELO research are indicated.
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C hapter 2 
Experim ental techniques
A b stract
IN this chapter, most experimental techniques as used throughout the work of this thesis are described. Some more incidentally applied techniques are detailed in the relevant chapters. First, 
the crystal growth by metal organic vapour phase epitaxy (MOVPE) and the experimental details of 
the ELO process are outlined. Then, a review of the fabrication and characterisation of both solar cells 
on substrate and thin film ELO solar cells is given. The last part of this chapter deals with some more 
common characterisation techniques, like electron microscopy, X-ray diffraction, Hall measurements, 
gas chromatography and nuclear magnetic resonance.
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2.1 M etal organic vapour phase ep itaxy
All III/V  layers and structures examined in this thesis were produced with the Metal Organic 
Vapour Phase Epitaxy (MOVPE) m ethod [86]. This technique, which also goes under the 
name Metal Organic Chemical Vapour Deposition (MOCVD), was first described in 1968 by 
Manasevit et al. [87]. Using this technique, metal-organic compounds and hydrides in a carrier 
gas are led over a substrate at high tem peratures. Chemical reactions take place, resulting in 
the deposition or growth of a crystalline structure on the substrate.
Most MOVPE reactors are built according to the same principles. A schematic drawing 
of the equipment used at the ‘Experimental Solid State Physics III’ (ESSP3) group at the 
‘University of Nijmegen’ (KUN) is shown in figure 2.1. Generally, a gas handling system for 
the metal-organics, hydrides, and carrier gas, a manifold, a reactor cell, and a cracking furnace 
or scrubber can be distinguished. The gas handling system takes care of the transport and 
dosimetry of the gases into the reactor. The manifold allows fast switching of the different gas 
flows towards either the reactor or the vent line. In the reactor cell the substrate is heated and 
the chemical reactions involved in the growth of semiconductor m aterial on this substrate take 
place. The cracker or scrubber removes or converts the toxic part of the waste gases.
The MOVPE process employs metal-organic compounds like trimethyl-gallium (TMGa, 
Ga(CH3)3), trimethyl-aluminium (TMAl) and trimethyl-indium (TMIn) for the group-III el­
ements and hydrides like arsine (AsH3) and phosphine (PH3) for the group-V elements. In 
order to obtain n-type or p-type doping, respectively, disilane (Si2H6) or diethyl-zinc (DEZn, 
Zn(C2H5)2) are added to the gas mixture. The carrier gas used in this system is hydrogen. 
Chemical reactions occur as a result of the high tem perature in the reactor, for example:
Ga(CH3)3 +  AsH3 — ► GaAs +  3 CH4 
for the formation of solid gallium arsenide (GaAs), or
x In(CH3)3 +  (1 -  x) Ga(CH3)3 +  PH 3 — ► InxG a1_xP +  3 CH4
with 0 <  x < 1 for the formation of InGaP. Typical growth rates are in the order of 1­
2 ßm  per hour. The required substrate tem peratures are in the 600 — 750 °C range and are 
achieved by heating with infrared light (IR), whereas in other systems th a t require higher 
growth tem peratures (e.g. for the growth of nitride compounds) a radio frequent (RF) generator 
is used. Layers, grown with MOVPE can be grown lattice matched to the specific substrate 
used (generally GaAs or InP), depending on the applied gas composition. In principle, all 
combinations of the materials shown in figure 1.1, except those containing antimony (Sb), can 
be grown in the present MOVPE set-up in the ESSP3 laboratory. As long as the compound 
m aterial has a lattice constant tha t does not differ too much from th a t of the substrate, an 
excellent single crystal structure can be obtained. Other advantages of MOVPE lie in the 
possibility to produce very sharp interfaces (monolayer sharp, usually group-V term inated
18
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Figure 2.1: Schematic drawing of the low pressure MOVPE reactor (Aixtron 200) used for the growth 
of all III/V  layers and structures, described in this thesis. Blocks labelled with an F 
represent a flow meter (mass flow controller), while blocks labelled with a P represent a 
pressure controller.
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because of the excess in group-V elements in the reactor) between subsequent layers and in the 
possibility to scale up the process for industrial use.
2.2 T he w eight-induced  ep itaxia l lift-off technique
As already described in the introductory chapter, weight-induced epitaxial lift-off (WI-ELO) is 
a process that allows the separation of a III/V  single crystalline thin film from the substrate it 
was deposited on by selective wet etching of an intermediate AlAs release layer. In this section 
the experimental details of the method are discussed.
The first step in the process is the deposition of a 3 ßm thick copper support layer on the 
epilayer by vacuum evaporation and subsequent electroplating. Then, a plastic foil is mounted 
on top of the sample using black wax. The excessive wax on the sides of the sample is cleaned 
very thoroughly using ortho-xylene, so that the release layer is completely free and accessible 
for the HF etchant. If a tiny wax-particle were to remain on the edge of the sample, the whole 
etch process would be seriously influenced (see chapter 4). Although several other possibilities 
for replacing the wax have been tried, none of them was able to withstand the HF atmosphere 
at the elevated temperatures. The whole structure is mounted upside down on a rod, attached 
to the lid of a Teflon or Perspex container. In figure 1.2a, the top lid of the closed container 
with two of the four possible support rods mounted is shown. Rubber tubes transport the HF 
solution to the sample via a system of small canals inside the support rods. The HF solution 
flows over the sample, as shown in figure 1.2b. The weight (white cylinder in the figure) keeps 
the foil under tension, thereby forcing the etch slit between substrate and thin film open. A 
schematic drawing of the WI-ELO process is given in figure 2.2. After a certain period of time, 
the AlAs layer is completely etched away, leaving the neighbouring GaAs layers undamaged. 
This is because of the extreme etching selectivity of HF solution for AlAs over GaAs [68 , 88]. 
Depending on the applied conditions during the ELO-process, lateral etch rates range from 1 
to 30 mm per hour. The result of the ELO procedure is a thin single crystalline III/V  film, 
attached to the plastic support foil. The GaAs substrate can be reused for the growth of the 
next layer or device.
After the ELO process, the thin III/V  film can be transferred from the foil onto any carrier, 
like glass or a lightweight carrier, or onto another solar cell.
2.3 Solar cell fabrication and processing
Most of the solar cells described in this thesis are fabricated from GaAs, although some are 
based on InGaP. First the fabrication procedure for GaAs solar cells on substrate is addressed, 
then the procedure for ELO GaAs cells is described. For InGaP solar cells, the procedures are 
comparable; only certain etching solutions are different.
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Figure 2.2: Schematic representation (cross section) of the WI-ELO setup. The relative size of the 
different parts is greatly out of proportion. Radius of curvature R, release layer thickness 
h, and etch depth Le are indicated.
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Table 2.1: Cleaning procedure of GaAs wafers prior to sample growth.
Time (s) Solution Remarks
60 isopropanol ultrasonic bath (6 x)
60 nanopure water ultrasonic bath (4x)
60 NH3:H2O2:nanopure water (2:1:10) no ultrasonic bath (1x)
30 nanopure water no ultrasonic bath (1x)
30 nanopure water ultrasonic bath (9x)
Table 2.2: Cleaning procedure of samples prior to solar cell processing.
Time (s) Solution Remarks
30 acetone ultrasonic bath (3x)
30 nanopure water ultrasonic bath (6 x)
120 10 % aqueous HCl solution no ultrasonic bath (1x)
30 nanopure water ultrasonic bath (6 x)
30 isopropanol ultrasonic bath (2 x)
2.3.1 G aAs solar cells on substrate
The n on p GaAs solar cell structures are grown on 2-inch p-type (1018 —1019 cm_3) GaAs wafers 
with a (100) crystal orientation, 2 degrees off towards <110>. The p-type doping is necessary, 
because an n-type substrate would result in an additional pn-junction between the substrate 
and the solar cell, whereas an undoped substrate would cause far too high resistance losses. The 
substrate is first subjected to the cleaning procedure as outlined in table 2.1. Immediately after 
the last cleaning step, the wafer is dried in a centrifuge and directly taken into the nitrogen 
atmosphere inside the MOVPE reactor. The surface therefore suffers minimal oxidation and 
pollution (clean-room environment). The reactor-cell is heated to a temperature of 650 °C and 
the layer structure as given in figure 2.3a is deposited. Solar cell structures with a p-on-n 
structure have been made in the past, but diffusion of zinc from the highly doped emitter layer 
to the neighbouring layers proved to be a problem. In the n-on-p structure, these problems do 
not occur.
The 2 inch wafer plus solar cell structure is cleft in smaller pieces of approximately 1.5 x 
1.5 cm2 or 2.5 x 1.5 cm2, depending on the size of the desired solar cell. Each piece will finally 
become a solar cell with a surface area of exactly 1 or 2 cm2. These pieces are subjected to a 
cleaning procedure as outlined in table 2.2 and finally blow-dried with nitrogen.
After the cleaning procedure, standard photolithography processes are used to define the 
metal contact pattern on the cell. This contact pattern is deposited, using e-beam evaporation
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0.3 pm GaAs contact n = 1.0 1019
E00oo AlInP window n = 2.0 1018
0.1 pm GaAs emitter n = 2.0 1018
4 pm GaAs basis p = 1.0 ■ 1017
0.05 pm AlGaInP BSF p = 6.0 ■ 1017
0.3 pm GaAs buffer p = 5.0- 101
:350 pm p-GaAs substrate 
_________(100) 2° ^  <110>
(a) GaAs on substrate
0.3 pm GaAs contact p = 5.0 ■1018
0.05 pm AlGaInP BSF p = 6.0 ■1017
2 pm GaAs basis p = 1.0 ■1017
0.1 pm GaAs emitter n = 2.0 ■1018
0.03 pm AlInP window n = 2.0^ 1018
0.3 pm GaAs contact n = 1.0 ■1019
0.005 pm AlAs release n = 1-5 ■1017
0.3 pm GaAs buffer undoped
^350 pm GaAs substrate 
(100) 2° ^  <110>
(b) GaAs ELO reversed
Figure 2.3: (a) Cross-section of the layer structure of a GaAs solar cell on substrate. BSF is an 
abbreviation for back surface field. b) Idem for an ELO GaAs cell. Indicated are the layer 
thicknesses and doping concentrations. The dimensions are not on scale.
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in high vacuum. The n-type alloyed contact generally used at the ‘University of Nijmegen’ 
consists of a stack of 5nm nickel, 70 nm gold-germanium (88:12), 30 nm nickel, and 250 nm gold. 
The full rear contact of the cell (no grid pattern is necessary), consists of 30 nm gold, 20 nm zinc, 
and 250 nm gold. Since vacuum evaporated contacts tend to cause contact resistance problems, 
an additional anneal step is necessary. Experiments using a rapid thermal anneal oven have 
shown that an anneal step of 60 seconds at 450 °C results in a minimal contact resistance of
1.4 • 10_5 Qcm2 for the n-type front contact and 2.8 • 10_5 Qcm2 for the p-type rear contact. The 
0.3 ßm  thickness of the evaporated contacts can be increased to 3 ßm  by electroplating with 
gold or copper. In this way, the sheet resistance in the metal lines decreases, resulting in an 
increased fill factor of the solar cell.
After metallisation, photo-lithography is applied to define the exact area of the cell (usually 
1 cm2) to facilitate precise efficiency measurements. The surrounding material is etched away 
(mesa etch) with NH3 (25%)-H2O2 (30%)-H20  (2:1:10). Around the grid pattern of the front 
contact, the GaAs contact layer, which so far has protected the window layer against oxidation, 
is etched away with citric acid and hydrogen-peroxide (10 : 1) (cap etch), since it would absorb 
too much of the incident sunlight. The remains of the heavily doped contact layer beneath 
the grid pattern ensure a good electrical interconnection between the cell structure and the 
metal of the front contact. Although the sheet resistance in the top layer(s) of the solar cells is 
relatively high, this is compensated by a relatively small distance between the contact fingers.
Next, the anti-reflection coating is applied by e-beam vacuum evaporation. It is essential 
that this step is performed immediately after the cap-etch in order to prevent oxidation of the 
window layer. Calculations and experiments have showed that a double layer ZnS -  MgF2 
coating with thicknesses of 48 and 89 nm, respectively, results in the lowest solar cell reflection.
The solar cell is now complete, but in order to test the device, the front and back contact 
of the solar cell should be probed. In order to facilitate convenient access of the probes during 
these measurements, the backside of the cell is glued on a piece of circuit board with electrically 
conducting glue. The front grid-pattern is connected with different parts of the circuit board 
by wire-bonding, resulting in a device as shown in figure 2.5a. An overview of all processing 
steps is given in figure 2.4.
2.3.2 G aAs ELO cells
For the fabrication of a GaAs ELO solar cell a layer structure, as given in figure 2.3b is deposited 
by MOVPE. If the structures in figure 2.3a and b are compared, three differences are visible. 
First, a thin AlAs layer is deposited between substrate and solar cell. This layer is the release 
layer to be removed in the epitaxial lift-off process. Second, the solar cell is deposited upside 
down, which appears most convenient during further processing. Third, the p-type base layer 
is thinner (2ßm for ELO cells versus 4 ßm for cells on their substrate). An ELO solar cell 
will reflect light on its backside, back into the cell, resulting in an effective base thickness that
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GaAs on substrate
Figure 2.4: Processing scheme for GaAs solar cells on substrate.
is approximately twice as large as the real thickness. The ELO cell can therefore be thinner, 
thereby saving material and growth time.
The first steps in the processing are cleaving and the cleaning procedure, identical to the 
procedures for cells on substrate. Generally, ELO cells made at the ‘University of Nijmegen’ 
measure 7 x 8 mm2 or 2 x 1 cm2. A full rear contact is then deposited on top of the layer 
structure. Since the cell was grown upside down, this is the p-type contact, consisting of 30 nm 
gold, 20 nm zinc, and 250 nm gold. A rapid thermal anneal step ensures a low contact resistance. 
An additional copper layer is electro-plated on the contact and a plastic foil is attached on top of 
the sample with wax. Excessive wax at the edges of the sample is removed using ortho-xylene. 
ELO is applied in order to separate the solar cell structure from its substrate. After the ELO 
procedure, the top side of the solar cell is accessible and the front n-type contact is applied using 
a photolithography process. The shape of this contact pattern is slightly different from that of 
the 1 x 1 cm2 GaAs solar cell on substrate; there is only one busbar (broad contact line) lying 
on the edge of the cell and the busbar is connected to a contact area placed outside the actual 
cell area. As a result of this placement, the front contact pattern can be contacted from the 
back-side of the cell in a later stage of the processing (see figure 2.5b). The contact consists of a 
palladium alloy, which already yields a sufficiently low contact resistance of 1.3 • 10_5 Qcm2 after 
4 hours annealing at only 175 °C. Low temperature annealing is essential, because the wax and 
plastic foil, on which the cell is mounted, cannot withstand higher temperatures. Furthermore,
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(b)
Figure 2.5: (a) GaAs solar cell on a substrate, measuring 1 x 1 cm2. The cell is defined by a mesa-etch 
and it is glued on a piece of circuit board with 3 broad contact lines. The middle contact 
line is connected to the rear p-type contact of the cell. The two smaller contact lines on the 
sides are connected to the n-type front contact with thin wires (50 im ) via wire bonding. 
(b) Semi-transparent GaAs ELO cell, measuring 2 x 1cm2. The two metal strips at the 
bottom are connected to the front (right) and rear (left) contacts. The cell has identical 
grid patterns on the front and rear side and can therefore operate under illumination from 
both sides.
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the different expansion coefficients of the materials used would result in the formation of cracks 
in the thin film at higher temperatures. After annealing, the contact pattern is thickened to 
3-5 ß m by electroplating.
Following the metallisation, the GaAs cap layer is etched away and the anti-reflection coating 
is deposited by vacuum evaporation. Usually, only a single layer ZnS coating is applied, because 
the cell will operate behind glass with an index of refraction larger than that of MgF2 (~  1.5 
versus 1.42). The front side of the cell is mounted on a cover glass with transparent glue. For 
this purpose, an electrically insulating, highly transparent, thermally or UV-hardening glue is 
applied. The plastic support foil is removed and the wax is dissolved in ortho-xylene resulting 
in a thin film III/V  cell with a full back contact mounted behind a cover glass carrier. If 
necessary, a semi-transparent bi-facial cell can be produced by etching a grid pattern in the 
fully metallised backside of the cell, using a photolithography process. For both single and 
bi-facial cells an additional lithography step and a mesa etch are applied on the backside to 
define the cell area. After this mesa etch, a contact area of the front contact is freely accessible. 
In case of a bifacial cell a cap-etch removes the GaAs layer between the fingers of the back 
contact. In some cases an anti-reflection coating is also deposited on the backside. This is 
beneficial when the cell will be illuminated from both sides, or when the cell is used as top 
cell in a mechanically stacked tandem solar cell. Using a silver epoxy, both the front and back 
contacts of the cell are connected to copper or molybdenum tabs mounted behind the cover 
glass. Because these tabs extend beyond the cover glass, the cell can be easily probed from the 
front-side. In most cases a glass plate is glued to the cell from the backside, so that the cell is 
protected on both sides. An overview of all processing steps is given in figure 2.6. The result 
is shown in figure 2.5b.
2.4 Solar cell characterization
In this section, the two main solar cell characterization techniques, namely current-voltage 
(I-V) and spectral response (SR) measurements, as performed at the ‘University of Nijmegen’, 
are described.
2.4.1 Current - voltage characteristics
The performance of the solar cells as described in this thesis is measured using the set-up 
outlined in figure 2.7. Some parts of the set-up like the water-filter, filter-wheel, chopper, and 
lock-in amplifier are only used for spectral response measurements, and are therefore inactive 
during current-voltage (I-V) measurements. A 1000 W xenon lamp with a condenser lens is 
used as the main light source. Good ventilation of the lamp housing is essential; excessive heat 
might destroy the lamp, and the ozone formed near the light bulb is toxic. A set of 4 halogen 
lamps of 150 W each is used as an additional light source. The sum of these two light sources
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GaAs ELO
Figure 2.6: Processing scheme for bifacial GaAs ELO solar cells.
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simulates the solar spectrum. The solar cell is placed on a water-cooled copper block, in order 
to stabilise the cell temperature at 25 °C. With the help of a computer and a box containing the 
control electronics, a voltage is put over the solar cell. The solar cell will start operating at the 
point on its I-V curve, which corresponds with the applied voltage. At this point, current and 
voltage are measured. By varying the applied voltage from 0 V up to the open circuit voltage, 
the whole curve is measured point by point, resulting in the familiar I-V characteristics. The 
acquired data are automatically logged by the computer and can be processed for further use.
Before each measurement the intensity of the light sources is adjusted to give results that 
correspond to that of the standard AM1.5 spectrum (1000 W /m 2). This is done with the help 
of a reference solar cell that has been measured at an official solar cell calibration laboratory 
(National Renewable Energy Laboratory (NREL)). The reference cell is always the same type 
of cell as the cell that is being measured (same spectral response). Generally, the short circuit 
current of the reference cell is most reliable for adjusting the light sources, since this parameter 
scales directly with the intensity of the incident light. After adjustment the NREL data are 
generally reproduced within ±0.5 % .
2.4.2 Spectral response - quantum  efficiency
A spectral response measurement provides the ratio between the generated current and the 
incident light power as function of wavelength and can give a lot of information about the 
solar cell. For a spectral response measurement, the same set-up as shown in figure 2.7 is 
used. The water filter is used to absorb part of the relatively intense infrared radiation of 
the Xe lamp that might otherwise damage the filters in the filter wheel. During a spectral 
response (SR) measurement, each of the filters is rotated into the Xe light beam, one by one, 
and the cell response to the wavelength transmitted by that particular filter is determined. The 
transmission characteristics of these filters are shown in figure 2.8. The wavelength distribution 
of the filters is applied such that most data points are collected there where the performance 
of most cells is expected to change rapidly i.e. just above the low wavelength edge of the solar 
spectrum (350 nm) and around the bandgaps of InGaP (650 nm) and GaAs (870 nm). The light 
transmitting the filter is passed to a chopper and directed to the solar cell placed on the cooling 
block. Because the intensity of the filtered and chopped Xe light is insufficient to guarantee 
proper operation of the solar cell, the halogen lamps are used to provide the required bias or 
background illumination. By the use of a lock-in amplifier and the chopper signal as a reference, 
the contribution of the halogen light is subtracted from the solar cell response current. This 
signal is then fed into the computer, where the data are processed further.
Before each measurement the setup is calibrated using a reference cell with a known absolute 
spectral response for each wavelength. After the lamps in the setup are stabilized for about 
30 minutes the SR of the reference cell is measured. For each filter the computer determines 
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Figure 2.7: Schematic drawing of the experimental set-up, as used for the current-voltage measure­
ments and the spectral response /  quantum efficiency measurements. The following key
components are indicated: (1) power supply xenon (Xe) lamp, (2) Xe lamp housing with 
Xe lamp, (3) ventilation canal for Xe lamp, (4) condenser lens, (5) water filter, (6) filter 
wheel, (7) chopper, (8) mirror, (9) box in which all measurements are performed, (10) 
power supply halogen lamps, (11) halogen lamps, (12) probes, (13) thermo-bath for water- 
cooling, (14) solar cell on water-cooled block, (15) lock-in amplifier, (16) measurement box 
with electronic controls, (17) computer.
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Figure 2.8: Transmission percentage of all filters in the filter wheel. The number over each peak is 
the full width half maximum (FWHM). With a few exceptions, all filters have a FWHM 
of ~10nm and a transmission percentage of ^40%.
this procedure, the cells with unknown performance are tested under the same conditions and 
the measurement is adjusted by the correction factors as stored in the computer. During a 
spectral response measurement, the solar cell is connected in such a way that its current is 
measured while operating at zero voltage, i.e. at short circuit conditions. Therefore, numerical 
integration over all measured values of the SR curve should yield the short-circuit current of the 
solar cell as determined from the I-V measurements. In general these values match within 5 % 
due to spectral mismatch, but since the value from the I-V measurements can be determined 
with great precision, the final SR curve is scaled to give the same value.
The spectral response curve can be transformed into an external quantum efficiency (EQE) 
graph, giving the number of electron-hole pairs that are collected at the electrodes per incident 
photon via:
EQ E(' ) hc SR(A) 1240 ' SR(A) í - n  
EQE(X) -  T  • 1.602 • 10-19 - ------- x------- • (21)
with X the wavelength in nm. A step further is the internal quantum efficiency, which gives the 
number of collected electron-hole pairs per photon that has actually entered the solar cell. The 
IQE is calculated from the EQE by correcting for shadowing of the cell by the metallisation 
and reflection at the front surface of the solar cell via:
IQE(X) =  EQE(X) (2 2)
IQE(X)=  (1 -  s)(1 -  R(X)) • ( )
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with s the shadowing fraction due to metallisation and R(X) the wavelength dependent reflection 
coefficient of the solar cell. Generally, no additional reflection measurements are performed to 
determine the IQE, because the shape of the EQE curve already gives all the desired information 
about the solar cell.
In theory, the IQE-curve of a solar cell is a perfect block starting at approximately 300 nm 
(beginning of the solar spectrum) and ending at the wavelength associated with the bandgap 
of the solar cell. Between these boundaries the height of the IQE curve should be 11 and 
between 0.8 and 0.9 for the EQE curve. In practice, however, this never occurs. The blue light 
is absorbed in the top layers of the III/V  solar cell, so a low blue response generally indicates 
problems with the window layer. Light at larger wavelengths is absorbed deeper inside the 
solar cell, so a low response in this wavelength region indicates that the bulk material of the 
solar cell is not optimal or that the solar cell is not thick enough. If the whole EQE curve is 
relatively low, the anti-reflection coating might need improvements, or the coverage fraction of 
the surface by contact lines is too large.
2.5 O ther characterization  techniques
2.5.1 Scanning electron m icroscopy and energy dispersive spec­
troscopy
Optical microscopy is a good tool to study the surface of epitaxial layers and other devices. 
However, the rather long wavelength of visible light (a few hundred nanometres) does not allow 
the detection of details smaller than ~1 ßm. Beams of electrons offer much better possibilities 
for the observation of such features, because the associated wavelength of an electron is de­
pendent on its energy and thus its acceleration voltage. By applying sufficiently high voltages, 
magnification factors in excess of 1 million times have become available, thereby allowing the 
examination of 0.1 nm sized features. If a beam of electrons hits a surface, several effects take 
place, as is schematically shown in figure 2.9a. In the equipment used for the research as de­
scribed in this thesis, only the X-rays and the secondary electrons are detected and analysed. 
The X-rays are formed in the relaxation of core-ionised atoms. The secondary emission elec­
trons are formed via a cascade of consecutive inelastic collisions. In most cases, the last loss 
process took place in the surface region.
A schematic drawing of a scanning electron microscope (SEM) is given in figure 2.9b. Instead 
of optical lenses as in a light microscope, an SEM employs electromagnetic lenses and scan coils 
that position the electron beam at the desired spot on the sample. A measurement is carried out 
by scanning a narrow electron beam over the surface and detecting the yield of the secondary 
electrons as a function of the position of the primary beam. The contrast is obtained by
1In theory, IQEs higher than 1 are possible, because an incident photon with an energy exceeding twice the 






Figure 2.9: (a) Interaction of an electron beam with a sample in an electron microscope. Possible 
detectable signals are indicated. (b) Schematic drawing of a scanning electron microscope.
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differences in the surface orientation of the sample. Parts of the sample that face the detector 
appear brighter than parts that face away from the detector. The energy of the secondary 
electrons is relatively low (~  5 — 50 eV), whereas the primary beam electrons have energies in 
the 1 — 15 keV range.
The set-up used for the experiments described in this thesis is a Jeol JSM 6330F field emis­
sion SEM. The electron gun in this type of microscope emits electrons in a separate chamber. 
From this chamber, the electrons are accelerated to form the imaging beam. The two-step 
procedure is beneficial, because the acceleration voltages for the electrons can be relatively low 
(~  3 keV). This results in less charging effects on the sample and therefore clearer images and 
higher magnification factors.
Energy dispersive spectroscopy (EDS), which also goes under the names electron microprobe 
analysis (EMA) or energy dispersive analysis of X-rays (EDAX or EDX), employs the X-ray 
photons in order to obtain information about the elements that are present in the sample. The 
Ka X-ray photons from the sample are detected with an energy dispersive X-ray detector. The 
measurements yield a spectrum in which each element shows peaks at different energy levels. 
Via a comparison with tabulated data, these peaks can be associated to the presence of different 
elements.
The SEM-EDS set-up, as employed in the experiments in this thesis, consists of a Jeol 
JSM 6310 scanning electron microscope, equipped with a Noran Instruments Voyager II energy 
dispersive spectroscopy detector. The EDS equipment is able to detect elements with masses 
of 20 a.u. and higher.
2.5.2 X-ray diffraction
For the studies as described in this thesis, two different X-ray diffractometers were used. The 
first one is a Philips PW1820 powder diffractometer with a copper target (X — 1.54060 A). This 
machine was used to determine the composition of a powder, consisting of the solid reaction 
products of the etch process in which aluminium arsenide was etched with aqueous HF solution 
(see chapter 7). A 9 — 29 scan (see figure 2.10) is performed on the crystalline powder. By 
varying 9 and measuring at 29, constructive interference is found for all planes, parallel to the 
sample holder, that satisfy Bragg’s law:
nX — 2d sin 9. (2.3)
The wavelength of the X-rays is given by X, d is the lattice spacing of the crystal and n the 
order of diffraction. As a result, a graph with relative intensities versus 29 is obtained. Most of 
the detected peaks are coupled to compounds that are indexed in the JCPDS (Joint Committee 
on Powder Diffraction Standards) database.
The second diffractometer applied is a Bruker D8 Discovery. A copper target is used as 
source for the X-rays (Cu-Ka line). A mirror system blocks the Ka2 line, so that only the Ka1 line
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Figure 2.10: Schematic set-up for a d — 2d scan. X-rays from the tube (T) are incident on the sample, 
which may be set at any angle to the X-rays via a rotation about an axis through O, the 
centre of the set-up. The detector D can be rotated about O and set at any desired angle 
position.
enters the beam conditioner. Here, the incident beam is led through a 4-bounce monochromator, 
consisting of (220) Ge crystals, resulting in a beam divergence of 12”. The beam is then incident 
on the sample under the Bragg angle and a scintillation detector measures the diffracted X- 
rays. The X-ray photons are converted into optical photons, which are amplified with a photo­
multiplier.
The Bruker D8 machine is mainly used for measuring rocking curves, yielding information 
about the exact sample composition (see figure 2.11). The distance between the main peak 
(substrate) and the smaller peak (epilayer) gives information about the stress in the deposited 
film and indirectly also about the composition of the epilayer. Rocking curve measurements 
only take a few minutes and are therefore a very efficient method for checking the composition 
of layers that are produced, before they are subjected to further examination.
2.5.3 Hall - v .d . Pauw  m easurem ents
Hall -  Van der Pauw measurements are used to determine doping concentrations, sheet resis­
tances of thin films, and mobilities of charge carriers. With the Van der Pauw method the 
sheet resistance and carrier concentration of a sample can be determined. For the analysis to 
be valid, the sample must be flat and homogeneous and have electrical point contacts on the 
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Figure 2.11: Rocking curve, measured on a 5 ¡im thick Alo.504Gao.496As layer on a GaAs substrate.
Pauw [89] showed that the use of a clover leaf pattern (see figure 2.12a) reduces these errors 
significantly. This sample geometry, which is obtained by sand blasting or etching through the 
active layer of the sample, is therefore most frequently used.
The experimental arrangement for a resistivity measurement using Van der Pauw’s method 
is shown in figure 2.12b. The current source is applied to contacts 1 and 2 (I12), and the voltage 
measured across contacts 4 and 3 (V43). Next, the current source is applied to contacts 4 and 
1 (I41), and voltage V32 is measured. The resistivity is then given by:
with t the thickness of the active layer, Q a symmetry factor and F (Q) a correction factor that
The voltages Vxy are measured for both current directions, and averaged in order to cancel 
thermo-electric and other effects. By rotation of the indices in figure 2.12b, other permutations 
in the resistivity measurement can be obtained. Averaging the values obtained in the different 
permutations results in more accurate data.
The correction factor F , which corrects for geometrical asymmetry, is a function of the
Normally, the substrate peak is dominant, but in this case, the epilayer peak is most 
pronounced because of the relatively large epilayer thickness.
(2.4)
depends on Q. When the active layer thickness is not known, one can determine the sheet 
resistance of the film given by:
(2.5)
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Figure 2.12: (a) Clover leaf pattern, most frequently used as sample geometry in Van der Pauw mea­
surements. (b) Resistivity measurement, using the Van der Pauw setup. (c) Set-up for 
Hall effect measurements with B  indicating the magnetic field.
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symmetry factor Q, which for the situation shown in figure 2.12b is given by:
Q =  V V 41 (2.6)J-12 V32
or its reciprocal, whichever is greater than 1. When Q is not too large (Q < 10), F is given by: 
F  =  1 -  0.34657# -  0.09236#2 , (2.7)
with H  given by:
2 1 \ 2
H  1 1 + D  { Q + 1 1 . (2.8)
If all the applied currents are chosen to be equally large, the sheet resistance is given by:
Ps =  2.2662 V43 +  V32 F (Q) (2.9)
and Q is given by equation 2.6 with I41 =  I 12.
The Hall effect is measured using the set-up outlined in figure 2.12c. A constant current I  is 
applied between two non-adjacent contacts and the difference in potential across the remaining 
two contacts is measured while a constant magnetic field B  is applied perpendicular to the 
sample surface. Balancing magnetic and electrostatic forces on a mobile charge, the vector 
equation, relating the electric field E  to the magnetic field B and the carrier velocity vd is 
written as:
q(vd x B ) =  qE . (2.10)
The current /  is given by:
E =  q N tW vd , (2.11)
with N  the carrier density and W  the separation between two non-adjacent contacts. If the 
sample configuration is such that the current IE  is perpendicular to the electric field E  and 
magnetic field B  (see figure 2.12c), the vector identities can be replaced by scalars. From 
equations 2.10 and 2.11, it follows that:
q N  =  i i  =  R h ■ <2-12)
with VH the measured Hall voltage (VH =  E W ) and R h the Hall coefficient.
When the layer thickness is unknown, a sheet Hall coefficient can be defined as:
R
Rhs =  . (2.13)
The sheet carrier density Ns is then given by:
Ns =qk  ■ (2.14)
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ßH =  —  . (2.15)
Ps
Since the contacts have a finite size, an additional voltage measurement is performed without 
magnetic field to determine the voltage drop due to misalignment of the contacts. This quantity 
is subtracted from the initial voltage as obtained by the Hall effect measurement in order to 
obtain the actual Hall voltage VH. The accuracy of the voltage VH measured is increased by 
averaging the values obtained in each of the eight possible permutations of contacts, current, 
and magnetic field directions.
and the effective carrier mobility is:
2.5.4 Gas chrom atography
Gas chromatography (GC) is a very convenient technique to analyse liquid and gaseous com­
pounds. A small amount of the material under investigation is injected in the GC device and fed 
into a long column (usually several tens of metres). The different compounds that are present 
in the injected sample need different times to travel through the column. The residence time is 
mainly determined by the size of the molecules and the chemical likeness of sample and column 
material. Once the material has passed the column and is split up in its different fractions, it is 
fed into a detector. In case the detector is a mass-spectrometer (MS), the complete apparatus 
is referred to as a GC/MS. The fractions enter an ionisation chamber, where they are hit by 
a colliding electron beam. The molecules are ionised and partly fall apart in smaller ionised 
fragments. Via a MS, the different ionised molecules and fragments are separated and detected, 
resulting in plots as shown in figure 7.6. Other detectors, like a flame-ionisation detector, which 
measures the electrical conductivity of a flame while the different species pass through it, or 
a thermal conduction detector, which measures the thermal conductivity of the gas-stream 
where the different species pass through, are also employed. These methods are usually more 
sensitive, but they do not discriminate between the different masses of the species that pass 
through the detector. Therefore, they are only suitable for a quantitative analysis. A GC/MS, 
however, also displays the masses of the different fragments, so that both a quantitative and a 
qualitative analysis become possible.
2.5.5 N uclear m agnetic resonance
Nuclear magnetic resonance (NMR) is a technique that utilises the spin of the atomic nuclei 
to obtain information about the sample under investigation. Nuclei can be in a spin-up and a 
spin-down position, both with a corresponding energy level. A transition from one level to the 
other can occur if the correct amount of energy is supplied. A sample of the material under 
investigation is placed in a relatively strong magnetic field of several Tesla and radio-frequency 
radiation is applied to the sample. Resonance (i.e. transition) occurs when the energy of the 
radiation (hv) equals the energy difference of the two spin states of the nucleus (2g¡ß Nm\B),
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with gì the nuclear g factor, ßN the nuclear magneton (eh/2mp), m\ the projection of the spin 
quantum number I  and B  the magnetic field strength.
A practical measurement requires the magnetic field to be extremely homogeneous. An 
even higher homogeneity is achieved by rotating the sample, so that small inhomogenities are 
averaged out. The simplest NMR measurements are the continuous wave measurements (CW- 
NMR). The magnetic field is kept constant and the frequency of the radio-source is swept. At 
the point in the frequency sweep where a strong absorption is measured, the resonance point 
is found. A variation is sweeping the magnetic field and keeping the radiation frequency at a 
constant value. Several peaks are detected, which are attributed to the local B -field:
Bloc =  (1 -  a )B ,  (2.16)
with a the shielding constant. a B  is the chemical shift, usually given in ppm of the applied 
magnetic field (aB  typically ranges from 0 to 100ppm).
For molecules the resonance peaks are found if
hv =  2gIß Nm I(1 — a)B  . (2.17)
If a certain element appears in different positions in a molecule, it will give rise to different 
peaks. The position of the peaks is given as a shift, compared to the position of this particular 
peak in a calibration sample. The area under the peaks is a measure for the quantity of this 
particular atom on this particular position in the molecule for the whole sample. Usually, the 
separate peaks are again split up in more sub-peaks. This fine-structure is caused by magnetic 
interactions between the nuclei in the molecule under investigation.
A more complicated form of NMR is Fourier transform NMR (FT-NMR). In this technique, 
a pulse of radiation is applied to the sample. The magnetisation starts to perform a decaying 
precession movement around the z-axis, while the signal in the x- and y-direction are measured. 
By a phase correction, the signals can be modified such that the signal from the x-direction 
is a cosine-wave and the signal from the y-direction is a —sine-function. A subsequent Fourier 
transformation of the measured signals and an addition of the transformed x  and y signal will 
then give the desired NMR spectrum, as shown in figures 7.3 and 7.4.
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C hapter 3
E L O ;  i n f l u e n c e  o f  t e m p e r a t u r e  a n d  r e l e a s e  
l a y e r  t h i c k n e s s  o n  t h e  l a t e r a l  e t c h  r a t e 1
A b stract
C ENTIMETRE sized, crack-free single crystal InGaP films of 1 fim thickness were released from GaAs substrates by a weight-induced epitaxial lift-off process. At room temperature, the 
lateral etch rate of the process as a function of the applied Alo.ssGacusAs release layer thickness was 
found to have a maximum of 3 mm/h at 3 nm. Using 5 nm thick AlAs release layers, the etch rate 
increased exponentially with temperature up to 11.2 mm/h at 80 °C. Correlation of the experimental 
data with the established theoretical description of the process indicate that the model gives the 
correct trend, but fails to predict the etch rates quantitatively by orders of magnitude. Solar cells, 
made from the released thin films show high efficiencies, which is an indication that the lift-off process 
does not deteriorate the material quality.
1The work presented in this chapter is based on ‘H igh rate epitaxia l lif t-o ff o f In G a P  film s  fro m  G aAs  
substra tes ' by J.J. Schermer, G.J. Bauhuis, P. Mulder, W .J. Meulemeesters, E. Haverkamp, M.M.A.J. Voncken, 
and P.K. Larsen, Applied Physics Letters 76, 2131, (2000).
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3.1 Introduction
The ‘epitaxial lift-off’ (ELO) technique in which a III/V  device structure is separated from its 
GaAs substrate using selective wet etching of a thin AlxGa1_xAs (x > 0.6) release layer [19], 
has a large potential for optoelectronic applications. The technique results in a significant cost 
reduction of III/V  devices since the GaAs substrate can be reused [90, 91] after the lift-off 
process. This is of particular importance for intrinsically large area, thus expensive devices like 
high efficiency III/V  solar cells [90-92] and the integration of high quality optoelectronic III/V  
structures on large scale integrated silicon circuits [64,65].
In 1978 Konagai et al. [20] described the separation of devices from a GaAs substrate using 
the extreme selectivity of HF acid for AlGaAs with a high Al fraction. A wax layer was applied 
to support the circa 30 ßm thick fragile films during the process. Yablonovitch et al. [19] noted 
that the tension induced by the wax caused thinner films, of micrometer thickness, to curl up 
with a radius of curvature R as they became undercut. This was concluded to be beneficial for 
removal of the etch products, leading to an increased lateral etch rate Ve of the AlAs release 
layer. By assuming that three moles of H2 gas are produced for every mole of AlAs and that 
the ability to diffuse away the dissolved hydrogen, which has a low solubility limits the etch 
rate during the ELO process, they derived an expression for Ve:
Ve = ^
where n and N  are the molar concentrations of dissolved H2 and AlAs respectively, D  the 
diffusion coefficient of H2 in the solution and h the thickness of the release layer which generally 
is 10 nm [64,65,90-92]. Based on equation 3.1 Maeda et al. [64] argued that Ve increases 
exponentially with temperature like D :
D =  D0e_Ea/kT (3.2)
where D0 is the diffusion coefficient at infinite temperature, Ea is the activation energy, asso­
ciated with the diffusion and k is the Boltzmann constant. Both relations 3.1 and 3.2 hold, 
irrespectively of the III/V  device that is to be separated from the substrate, provided that the 
gap between them is opened with a certain curvature R  and out-diffusion of H2 is limiting the 
etch rate.
In the present work the lateral etch rate of the release layers as a function of their thick­
ness and the temperature applied during the ELO process is determined experimentally and 
compared with theory.
3.2 E xperim ental
The application of the ELO method for InGaP layers is examined instead of the generally used 
AlxGa1_xAs (x < 0.4) based devices [19,20,27,64,65,90-92]. Simultaneous etching of InGaP
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and GaAs layers in a 10 % HF solution in water performed in our laboratory showed that 
InGaP etches about two times faster than GaAs. This difference between InGaP and GaAs is 
insignificant since the etch rate for GaAs is about 107 smaller than for AlxGa1_xAs with high 
aluminium fractions (x ^  0.85) [88]. Therefore it is possible to separate thin-film InGaP layers 
from the GaAs substrate by the use of an Al(Ga)As release layer. The thickness of the released 
InGaP layers was 1 ßm in all experiments and either Al0.85Ga0.15As or AlAs release layers were 
used. These III/V  structures were grown on 2”diameter (100), 2 degrees off towards <110> 
GaAs wafers by low pressure metal organic vapour phase epitaxy.
A weight-induced ELO (WI-ELO) procedure, able to free large area thin films, has been 
developed in our laboratory. The procedure, which has been described in detail in previous 
work [90,91] utilizes a copper support layer and an HF resistant plastic foil mounted with black 
wax on top of the InGaP structures. The samples are connected to supports at the lid of a 
HF resistant container and a weight is fitted in the excess foil at one side of the sample (see 
figure 2.2). One droplet of 10% HF solution, positioned on the plastic foil against the edge of 
the sample at the side of the weight, is sufficient to perform the ELO process under conditions 
usually applied. Elevated temperatures in the range between 50 and 80 °C at the position of 
the samples were obtained by the application of a HF resistant rubber heater element at the 
bottom of the container. Using this approach, crack-free InGaP films could be obtained with 
a size up to 34 x 32mm2, which is the entire 2”wafer minus cleavage losses. For the other 
experiments the wafers were cleft in pieces of 15 x 15 mm2 and three identical samples were 
placed in the container simultaneously to determine the reproducibility of the process.
3.3 R esu lts and discussion
The etch rate Ve is given by averaging the lateral etch rates over these samples while a spread in 
etch rate as large as 30 % between the fastest and slowest sample released was observed under 
all conditions examined. Ve as a function of the applied Al0.85Ga0.15As release layer thickness 
is shown in figure 3.1. In accordance with equation 3.1, the results reveal a linear relation 
between h_1/2 and Ve for h in the range from 3 to 40 nm. Samples with thinner release layers 
did not show any under etching while most samples with h > 40 nm revealed only partial under 
etching. The etch process of the latter came to a halt because after several days in the WI-ELO 
container the HF droplet on these samples was found to be evaporated.
Based on these results a 5nm  release layer thickness was chosen as a standard for the 
experiments at elevated temperatures and the WI-ELO container was modified to facilitate 
access with a pipette in order to apply a new droplet of HF whenever the previous would be 
nearly evaporated. In practice it turned out difficult to refresh the HF droplet during the 
experiments and in several occasions the droplet adhered not only to the front edge but also to 
the side rims of the sample. Since such a sample is simultaneously etched from more than one 
side, this results in a significant faster release of the InGaP layer from its substrate. On one such
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Figure 3.1: Lateral etch rate of the Al0.85Ga0.15As release layer in 10% HF solution as a function of 
layer thickness. The dashed line is to guide the eye and the solid line indicates the best 
linear fit through the data obtained between 4 and 40 nm. For release layers of 50 nm and 
thicker, the etch process took so long that the HF droplet had evaporated.
occasion, a 15 x 15 mm2 film processed at 80 °C was released within less than an hour. For the 
final analysis, however, the results from these incidents were rejected and the experiments (in 
threefold) were repeated to obtain sufficient data points to determine the average lateral etch 
rate of the here applied AlAs release layers as a function of temperature (see figure 3.2). The 
results confirm the predicted exponential behaviour with temperature following from equation 
3.2 and an activation energy, Ea =  0.22 eV is deduced from the best linear fit through the data 
points in figure 3.2. Note that extrapolation of this linear relation also agrees well with the 
etch rate of a 5nm Al0 85Ga0.15As layer at room temperature as deduced from figure 3.1.
As indicated by figures 3.1 and 3.2, both series of experiments show qualitative agreement 
with theory. Quantitative agreement was checked by replacement of n by nmax, which is the 
solubility of H2 in equation 3.1 and substitution of the constants by the appropriate values. 
Generally R  is in the order of 5 cm and h was about 5nm  in most of the here described 
experiments. At room temperature nmax/N  and D were determined to be ~  2 • 10_5 and 
~  5 • 10_5 cm2/s  respectively [70,93], so that a maximum etch rate is derived of about 3 ßm /h. 
This value is several orders of magnitude less than the 3 m m /h experimentally found in the 
present work and the recently reported values in literature (see table 3.1). Consequently, H2 
gas cannot be a major reaction product if it is assumed that its transport from the etch front 
is correctly described by diffusion with a constant D as stated above.
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Figure 3.2: Lateral etch rate of 5nm thick AlAs release layers in a 10% HF solution as a function of 
temperature. The solid line is the best linear fit through the data points and the diamond 
marker represents the etch rate for a 5 nm release layer at room temperature as obtained 
from figure 3.1.
3.4 C onclusions
A high Ve is considered essential for industrial applications [64,65]. Ve, as obtained by different 
approaches of the ELO method has therefore been elaborated in table 3.1. It becomes clear 
that the WI-ELO technique at elevated temperatures has large potential provided that the 
released thin-film structures are of sufficient quality. In this respect it should be mentioned 
that, analogue to our previously reported GaAs thin films [90], none of the InGaP films reveal 
cracks. Hence, it was also possible to release and process several square centimetre sized InGaP 
thin-film structures to solar cells. The cell design was adapted from the structure reported by 
Takamoto et al. [94] using a base thickness of 0.95 ßm and a back surface field doping level of 
7 • 1017 cm_3. Under standard solar illumination (AM1.5) we generally obtain efficiencies (n) 
between 15 % and 16 % for such cells on GaAs substrates while a maximum of n =  18.5 % has 
been reported in literature [94]. Processing of thin-film InGaP cells took place by the so-called 
reversed sequence which is described in detail in previous work of our group on thin-film GaAs 
cells [90,91]. The J -V curve of the best cell obtained is characterized by a short circuit current 
density J sc =  11.0mA/cm2, an open circuit voltage Voc =  1.32 V and a fill factor FF =  0.79 at 
a maximum power point of 9.97mA/cm2 and 1.15 V. The resulting AM1.5 efficiency of 11.5% 
for this cell can be considered fair in comparison with the performance of its counter parts on 
a GaAs substrate for which we typically obtain n =  15.5% (Jsc =  14.0mA/cm2, Voc =  1.35 V
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Table 3.1: Overview of applied curvature inducing mechanisms, typical process conditions and result­
ing maximal lateral etch rates. RT stands for room temperature, S10 indicates addition 
of a surfactant and antifoaming agent to the 10% HF etch solution and p represents the 
pressure above the solution.
Curvature h (nm) T  (°C) Other conditions Ve (mm/h) Reference
wax 2-100 RT standard 0.3 [19,27]
wax 50 RT 49 % HF vapour 0.125 [27]
wax 10 40 S10 ~1. [64]
screw 10 50 S10, p =  5 atm. ~2. [65]
weight 3 RT 3.0 this work
weight 5 80 11.2 this work
and FF =  0.82). The lower efficiency of the thin-film cells is probably a result of the additional 
difficulties encountered during handling and contacting these fragile structures.
A cknow ledgem ents
The authors thank Jan van den Meerakker, Jan Weyher and Ruud Tijburg for useful discussions 
with respect to III/V  etching processes.
46
C hapter 4
ELO; influence of radius of curvature on the  
lateral etch rate 1
A b stract
THE lateral etch rate Ve of the WI-ELO process is influenced by the weight induced radius of curvature R of the film. Bulk-etch experiments of AlxGa1_xAs layers were conducted to 
compare an unhampered etching process with WI-ELO. It is found that standard WI-ELO etching 
demonstrates etch rates exceeding the bulk etch rate. Further experiments have shown that the WI- 
ELO etch rate is not constant in time, but consists of a slow initial etch rate Ve>i, followed by the 
faster nominal etch rate Ve>n. The latter part is influenced by the applied radius of curvature R via 
Ve,n = 3.1 + 293R_L2 with R in mm and Ve>n in mm/hr. This result implies an etch rate consisting 
of a constant plus a radius-induced part, resulting in both a qualitative and quantitative discrepancy 
with established theory. The explanations could be the different reaction kinetics and the occurrence 
of strain in the AlAs release layer.
1The work presented in this chapter is based on ‘In fluence o f radius o f  curvature on the lateral etch rate o f 
the w eight-induced epitaxia l lif t-o ff p rocess ' by M.M.A.J. Voncken, J.J. Schermer, G. Maduro, G.J. Bauhuis, P. 
Mulder, and P.K. Larsen, Materials Science and Engineering:B 95, 242, (2002).
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4.1 Introduction
The ‘epitaxial lift-off’ (ELO) process enables the separation of a single-crystalline film from 
the GaAs substrate on which it was deposited. The technique has a large potential for opto­
electronic applications, since the substrate can be reused, thereby reducing costs significantly. 
This is of particular interest for intrinsically large area applications, like III/V  solar cells.
Industrial utilization of the ELO process requires fast separation of the device from the 
substrate. The lateral etch rate of the sacrificial layer is therefore a critical factor in the 
process, in particular for intrinsically large area devices like solar cells. However, so far, this 
process is poorly understood and further research is necessary for a thorough understanding 
and optimisation of the etch rate. A starting point for this is a model [19] in which a uniform 
etch-front, a constant etch-rate and an etch-process that is limited by the out-diffusion of 
hydrogen gas is assumed. Although the actual reaction equation of AlxGa1_xAs, etched by HF, 
is unknown, it is further assumed that every mole of AlAs in the release layer forms three moles 
of H2. Assuming an exponential temperature dependence for the diffusion coefficient [64], this 
leads to an expression for the maximum attainable lateral etch rate Ve,max:
=  ° .23 _ 2551/T (4 1)
Ve’max V M  e ( )
with Ve>max in m m /hr, R  and h in mm and T  in K.
In the weight-induced epitaxial lift-off (WI-ELO) process [52], the substrate with release 
layer and device is hung upside down on a support rod, while a plastic foil is mounted on 
the device with black wax. By applying a weight to the foil, the etch slit is constantly kept 
open, thus improving the exchange of etchant and reaction products. In previous work, which 
addressed the relationship between Ve and temperature, respectively release layer thickness by 
using this WI-ELO technique, a good qualitative comparison between the described model and 
the experimental results was found [52]. Quantitatively, however, a discrepancy of circa three 
orders of magnitude occurred, since theory predicts a maximum etch rate of approximately 
3 ßm /hr at room temperature for a release layer thickness of 5nm, while experiments showed 
values around 3 m m /hr at room temperature.
In the present work, the correlation between Ve and the third parameter in equation 4.1, the 
radius of curvature R, in the weight induced ELO process is examined for a fixed h and T . Vari­
able weights are used to obtain etch-rates as function of weight. By calibration measurements, 
these weights are correlated to different radii of curvature. In addition, the generally made 
presupposition that Ve is constant during the etching process is investigated by determination 
of the etch depth as a function of time. The etch rate for a geometrically unhampered etch 
process is obtained as a function of the HF concentration and aluminium fraction by etching 
planar AlxGa1_xAs layers grown on GaAs substrates. It is assumed that this etch rate is at its 
maximum if there is no geometrical obstruction to the etch process so that etchant and reaction 
products can exchange freely. These experiments, which will be referred to as bulk-etching, are
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used for comparing bulk and ELO etch rates.
4.2 E xperim ental
All samples are grown on 2 inch undoped GaAs wafers with crystal orientation (100), 2° off 
towards <110> using low pressure metal organic vapour phase epitaxy. Source materials are 
trimethyl-gallium, trimethyl-indium and trimethyl-aluminium for the group-III and arsine and 
phosphine for the group-V compounds. Disilane is used as precursor for the n-type dopant 
silicon. The samples, used for the bulk etch experiments consist of 1.26 ßm thick layers of 
Si-doped AlxGa1_xAs with aluminium fractions x  of 0.65, 0.75, 0.85 and 1.0. The samples are 
capped by a 0.25 ßm thick GaAs layer to prevent oxidation of the AlxGa1_xAs layers in air. 
The WI-ELO samples are formed by 5nm  Si-doped AlAs, 1 ßm undoped InGaP and 0.3 ßm 
undoped GaAs. Typical sample dimensions are 15x15 mm2.
Immediately before the bulk etch experiments the GaAs cap layer of the samples is removed 
by selective etching with citric acid. After careful rinsing in water the bulk-etch samples are 
etched with 1, 2, 4 and 10 % HF solution in water at room temperature. The duration of 
the AlxGa1_xAs etch process was timed with an inaccuracy of ±  1s, as its termination was 
determined by the change of colour of the samples in the HF solution. The results of the bulk 
etch experiments allowed a comparison with previously reported standard WI-ELO etching 
experiments which employed Al0.85Gao.15As release layers and an HF concentration of 10% at 
room temperature.
The samples for the ELO experiments are etched with a standard WI-ELO process as 
described in previous work [52]. In this process, a plastic support foil is mounted to the device 
with molten black wax. During this process the wax also covers the sides of the sample, so 
that after mounting the release layer is not accessible for the HF etchant. The sample sides are 
cleaned manually with a dust-free wiper soaked in ortho-xylene. Although it cannot be excluded 
that some traces of wax remain present, no wax remnants are observed by optical microscopy 
if this procedure is performed properly. The device with foil is hung upside down on a plastic 
support rod in a closed container. A weight is then attached to the foil. A schematic drawing 
of the setup is shown in figure 2.2. A droplet of HF solution is applied to the sample, while the 
atmosphere of the container is saturated with HF vapour, thereby slowing down the evaporation 
of the etch-droplet. With respect to previous work the setup is modified in such a way that a 
new droplet of HF can be applied when the previous droplet has nearly evaporated, without 
opening the container. During the process the HF slowly eats itself through the release layer, 
while the weight bends the foil and partly separated III/V  film open by a certain curvature. 
The etching temperature is kept at 50 °C by the use of a rubber heating element at the bottom 
of the container. The elevated temperature not only accelerates the etching process (Arrhenius 
behaviour), but also enables a more accurate temperature control than is possible at room 
temperature.
49
t = 2 h 50’ t = 2 h 51’
Figure 4.1: Images taken by a CCD camera during a typical WI-ELO etching experiment. From top 
to bottom the plastic support rod (white), substrate (15 x 15mm2) and flexible foil with 
ELO film are shown. On the left hand side, the droplet of HF is visible. In 2 hours and 
51 minutes, a 15 mm sized ELO layer is released from its substrate, resulting in a lateral 
etch rate Ve, av of 5.3 mm/hr.
For each WI-ELO experiment, three identical samples are placed in the container simulta­
neously to determine the reproducibility of the process. The average etch rate Veaav is given by 
averaging the lateral etch rates, as determined by the width of the samples and the total time 
necessary to free each of the InGaP films. A CCD camera monitors the side view of one of 
the three samples very closely by taking a snapshot every minute. Examples of these images 
are shown in figure 4.1. Image recognition software is used to convert the original camera 
images into line drawings representing the shape of the foil holding the thin film. By analysis 
of the data points of this curve with fitting procedures, the position of the etch front i.e. the 
etch-depth and consequently the etch rate as function of time Ve(t) can be determined.
A series of experiments with different weights W , varying from 0.7 to 5.2 g with increments 
of 0.5 g, is performed to reveal the behaviour of Ve(t) as a function of the radius of curvature. 
Unfortunately, it turns out to be impossible to obtain an accurate estimate of the weight-induced 
radius of curvature from the snapshots taken during the process (see figure 4.1). Therefore, the 
radius of curvature as a function of the applied weight is obtained from an additional calibration 
experiment. In this experiment, the ELO process is stopped three times by flushing the HF 
etchant with water. At each stop, all weights are consecutively attached and the camera position 
is adjusted such that a high-resolution image is taken from which the radius of curvature can 




Figure 4.2: Etch rate as function of aluminium fraction in the AlxGa1_xAs layer for different concen­
trations of HF in the etchant (bulk etch rate). The lines, connecting the data points, are 
given to guide the eye.
and between R  and W  will then give the desired connection between Ve(t) and R.
4.3 R esu lts and discussion
4.3.1 B ulk-etch experim ents
The results of the bulk-etch experiments are given in figure 4.2. From the figure it follows that 
not only stronger HF concentrations, but also larger aluminium fractions result in higher etch 
rates. At least for the lower Al fractions the data indicate a more or less linear increase of the 
etch rate with both the HF concentration and the Al fraction. The fact that this tendency 
is less clear or even absent for an Al fraction of 1.0 might be explained by the large margin 
of error, respectively the increased sensitivity for rapid oxidation of AlAs. Using 10 % HF 
at room temperature, a bulk etch rate just below 1 m m /hr is found for Al0.85Ga0.15As, while 
under the same conditions these release layers in the WI-ELO process have a significantly 
higher maximum etch-rate of approximately 3m m /hr [52]. Therefore, rather than hampering 
the etch process, the WI-ELO configuration turns out to accelerate the selective etching of 
AlxGa1_xAs by HF in the ELO geometry. One might speculate that this acceleration is a 
result of the curvature-induced strain in the thin film or in the release layer. As a result of 
this acceleration, bulk-etch experiments are not a good way to determine the highest possible 
etch rate. However, they are useful in predicting a trend. For example, a higher aluminium
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fraction in the AlxGa1_xAs layer and higher concentrations of the HF etchant result in higher 
etch rates in the bulk etching experiments. A similar behaviour is expected for WI-ELO, but 
further research of these parameters is necessary for obtaining a confirmation of this behaviour.
4.3.2 W I-ELO etch  rate as a function o f tim e
The results of the time-dependent etch depth L e as function of weight is given in figure 4.3. 
Note that the slope of each graph equals the etch rate as function of time. For each weight 
applied the exact course of the process differs slightly, but a general trend is evident. This trend 
is elaborated in detail in figure 4.4, showing the enlarged graph of the etch depth versus time 
for a weight of 3.7g. From this figure it is clear that two etch phases, each with a constant etch 
rate, can be distinguished: a phase with a low initial etch rate Ve,i, followed by a phase with a 
higher etch rate, which will be referred to as the nominal etch rate Ve,n. At time t i, Ve,i changes 
into Ve,n. In some cases, however, the first etch phase is almost non-existent. In this series of 
experiments, this is observed in the measurements with weights of 1.2 g and 3.2 g. From figure
4.4 it follows that Ve>av is not a suitable parameter for the description of the lateral etch rate 
of a process like the one depicted in figure 4.1.
From the results of figure 4.3, it turns out that t i and Ve,i vary significantly from experiment 
to experiment (e.g. t i =  52, 0 and 42minutes for experiments performed with weights of 
respectively 0.7, 3.2 and 4.2g), without showing any correlation with the applied weight. Ve,n, 
however, is reproducible and strongly influenced by W . Ve,n is therefore considered as the 
maximum attainable etch-rate in the ELO configuration and its behaviour as function of the 
applied radius of curvature is used for the experimental verification of equation 4.1.
Since Ve>i and t i, in contrast with Ve,n, show no clear relation with the applied weight and 
the thereby induced radius of curvature, their value must be determined by a factor which is 
dominant only in the first phase of the etch process. In a first order approximation, it was 
assumed that the etch-front is uniform over the complete width of the sample. However, in the 
course of our research, several prematurely aborted experiments indicated that this is certainly 
not the case in the earlier stages of the process. This observation is an important clue to explain 
the absence of a correlation between weight and Ve,i. In the case that minimal wax remnants are 
still present after the wax cleaning procedure, etching cannot start, since these wax-remnants 
first have to be dissolved or weakened by the HF solution. This results in a non-uniform etch 
front, as is shown in figure 4.5a and b. The image, as produced by the CCD camera might 
give the impression that the entire etch-front has progressed, while a part of the ELO film is 
still attached to the front of the sample by wax remnants. The last point where the film is 
still attached to the substrate will be referred to as the softening-point. The supposition of 
a non-uniform etch-front, correlated with a softening-point, is supported by the fact that the 
foil is sometimes observed to bulb upwards between the softening-point and the etch front at 







Figure 4.3: Etch depth as function of time for increased weights applied in the WI-ELO process.
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Figure 4.4: Etch depth as function of time for the experiment with a weight of 3.7g. Two etch phases, 
each with a constant slope and therefore etch rate can be distinguished. At time t i, Ve>i 
changes into Ve,n. Note that Veav, as used in previous studies, does not give a good 
description of the process.
magnitude of Ve;i. If this point is close to the sample edge which is observed by the camera, the 
foil is observed to go down only a little, resulting in a low Ve,i, while a softening point on the far 
side of the sample will result in a higher Ve,;. Estimates indicate that Ve,i may vary by a factor 
of 3, due to the location of the softening point. When the softening point starts to disappear, 
the two different etch fronts start to merge into a uniform etch front that propagates with a 
speed Ve,n. The transition from Ve,i to Ve,n, however, is much more abrupt in the case of figure 
4.5a, compared to the situation in figure 4.5b. This follows directly from figure 4.5d, in which 
etch depth as function of time for the two situations is given. The difference in placement of 
the softening point also influences the magnitude of Ve,n, as can be seen in figure 4.5d. It is 
estimated that due to this effect a variation of circa 15% in the determination of Ve,n exists, 
which is marginal compared to the variations in Ve,i which can be as high as 300%.
4.3.3 W I-ELO etch  rate as a function o f the radius o f curvature
The correlation between the applied weight and the thus induced radius of curvature is given in 
figure 4.6. The best power function fit through the data points is given by R  =  24.5W-0'8. The 
width of the error-bars represents the range of R  values, measured at the different positions on 
the calibration sample.






(d) etch depth vs time
Figure 4.5: Two-dimensional analysis of the WI-ELO process: consecutive etch-fronts when the soft­
ening point is relatively close (a) or far (b) from the side of the sample observed by the 
CCD camera. (d) Observed etch depth as function of time for both cases. The supporting 
plastic foil, which is wider than the sample, sometimes bulbs upwards (c), indicating that 
wax remnants inhibit the etch-process.
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Figure 4.6: Radius of curvature as function of weight with the best power function fit. The error-bars 
are determined by the minimal and maximal measured values for R at different positions 
in the calibration sample.
4.6. This results in the graph, given in figure 4.7. The point at R  =  16 mm is considered 
an artefact and not taken into account any further. Assuming a 1 /v R  behaviour as given by 
equation 4.1, the best fit to the data points is given by Ve,n =  71/\[R. This experimentally 
determined relation is both qualitatively and quantitatively in strong contrast with the relation 
Ve =  0 .04 /vR  following from the theoretical model (equation 4.1 with h =  5nm and T  =  
323 K). In previous work it was found that the model described the dependence of Ve on the 
thickness of the release layer and on temperature qualitatively well. Quantitatively, however, 
a discrepancy by more than three orders of magnitude was already noticed. In the model it 
is assumed that hydrogen is produced in a quantity of 3 moles per mole of AlAs and that the 
out-diffusion of this hydrogen is the limiting factor of the etching process. In the light of the 
high etch rates as found in the previous and present experiments, this presupposition becomes 
very unlikely. This can be explained if hydrogen is not a reaction product, or if some kind 
of active transport of hydrogen through the etchant takes place. Since the etching process is 
very fast (up to 30 m m /hr), possible other reactants would either have to diffuse very quickly 
through the etchant solution or precipitate on other places on the sample. A further factor, 
not included in the model, that may increase the etching process is the presence of strain in 
the film or in the release layer during etching.
Previous work, investigating samples with multiple release layers corrected for curling up of 
the ELO layers, revealed non-zero initial etch rates [95]. It seems therefore plausible that the 
WI-ELO process consists of two combined etch rates, one constant plus one curvature induced 
etch rate. The constant etch rate would normally stagnate if no curvature is applied to the film,
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Figure 4.7: Experimentally determined and the best fit according to equation 4.1 of Ve,n as a function 
of R (dashed line). The line through the data points represents the best power function 
fit. The error in R is given by the calibration procedure (see figure 4.6), while the error in 
Ve,n is estimated to be 15% (see section 4.3.2).
but since the ELO layers curl up, it remains present throughout the complete process, thereby 
adding a constant value to the radius induced etch rate. Taking this line of thought into account 
and assuming a power function for the R-dependence, a function given by Ve,n =  3.1 +  293R_L2 
is found to represent the trend more closely. All data points, except the one at R  =  16 mm, 
fall on this curve within the experimental error. The constant value of 3.1 m m /hr is considered 
to be the ELO etch rate, when no curvature is applied, while the second part represents the 
etch rate, induced by the curvature of the film. A confirmation of the value of 3.1 m m /hr is 
found in the bulk-etch experiments of the present work. The bulk-etch rate for AlAs layers in 
10% HF solution of 2.3 m m /hr is of the same order of magnitude compared to the ELO etch 
rate without applied radius of curvature, especially if the large errors in the measurements are 
taken into account.
The experimentally determined relation between Ve,n and R  is nice, but much more work 
needs to be done in order to obtain a convenient description of the ELO etch mechanism as a 
function of all process parameters. This leads to one of the core problems because the reaction 
formula that describes the etching of AlxGa1_xAs with HF solution is not documented. Since 
the reaction stoichiometry actually should be the basis of any theoretical model, further research 
on the chemistry of the process is needed first, before a suitable new model can be built.
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4.4 C onclusions
It was demonstrated that at room temperature the etch rate of planar AlxGa1_xAs films by 
HF solutions in water increases roughly linearly with increasing Al fractions in the range from 
0.65 to 1.0 and with increasing HF concentrations in the range of 1 to 10%. Using 10% HF 
a bulk-etch rate just below 1 m m /hr is found for Alo.ssGacusAs, while in the WI-ELO process 
release layers of the same composition have a significantly higher etch rate of about 3 mm/hr. It 
is speculated that the curvature induced strain in the films might accelerate the etch process in 
the WI-ELO configuration. Therefore, although possibly useful in predicting certain trends, it 
should be concluded that the bulk-etch experiments are not suited to determine the maximum 
attainable etch rate of the AlxGa1_xAs release layers during WI-ELO.
Further experiments show that the WI-ELO etch rate is not constant in time as was assumed 
in previous work, but consists of a slow initial etch rate Ve>i, followed by the much faster nominal 
etch rate Ve,n. This behaviour is explained by the introduction of a softening point in the WI- 
ELO process. This analysis also indicates that the nominal etch rate is the most appropriate 
parameter to describe this process.
When this nominal etch rate is used for testing the theoretical model on the relation between 
etch rate and radius of curvature of the film, both a qualitative and a quantitative discrepancy 
is found. The qualitative discrepancy might be explained by the fact that the WI-ELO etch rate 
consists of a constant plus a radius induced etch rate. This constant part has been observed 
in other work and can also be correlated to the bulk etch rate found in the present work. For 
the quantitative discrepancy it is argued that the transport of hydrogen is probably not the 
limiting factor in the process. The assumption that 3 moles of hydrogen are formed per mole 
of AlAs in the release layer is also questionable, since the exact reaction formula, describing 
the etching of AlAs with HF is still unknown.
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C hapter 5
E L O ;  i n i t i a l  e t c h  r a t e  a n d  m u l t i - r e l e a s e  l a y e r s 1
A b stract
THE lateral etch rate of AlGaAs in HF in the ‘Epitaxial Lift-Off’ (ELO) process consists of two parts, an intrinsic and a radius-induced part. The intrinsic part is studied with a new approach 
in which multiple release layers are introduced in one sample. By letting an essential ELO process 
parameter vary over the different release layers, this parameter is examined, using only samples from 
one wafer. In this study, the influence of thickness, aluminium fraction and doping concentration of 
the release layer on the lateral etch rate is investigated. For release layers with thicknesses below 10 
nm, a positive correlation between thickness and intrinsic etch rate is found. Thicker release layers 
do not result in higher etch rates. Increasing aluminium fractions in the AlxGa1_xAs release layers 
result in higher etch rates. For aluminium fractions between 0.3 and 1, this effect covers almost six 
orders of magnitude. From the width of the V-shaped etch slits in samples that have etched for 12 
hours or more the selectivity, i.e. the ratio of the etch rate of AlxGa1_xAs to GaAs, is determined. 
A selectivity, varying between 4.3 and 8.6 • 105 is found for x ranging from 0.3 to 1. A variation in 
silicon doping is found to have no effect on the lateral etch rate while increased zinc doping enlarges 
the etch rate significantly.
1The work presented in this chapter is based on ‘M ultip le release layer study o f the in tr in s ic  lateral etch rate
o f the ep itaxia l lif t-o ff p rocess’ by M.M.A.J. Voncken, J.J. Schermer, G.J. Bauhuis, P. Mulder, and P.K. Larsen,
accepted for publication in Applied Physics A (2004).
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5.1 Introduction
The epitaxial lift-off (ELO) process, which enables the production of thin-film single crystalline 
layers is of great interest for the optoelectronics industry. Thin film devices allow an efficient 
heat transfer from device to carrier or heat sink. Furthermore, ELO devices offer the possibility 
of substrate reuse, thereby reducing costs significantly. In addition, the integration of III/V  
materials with other materials in one device, such as GaAs based light sources driven by silicon 
based circuits [56], becomes available.
In 1978 Konagai et al. [20] reported for the first time on ‘Peeled Film technology’ (PFT), a 
technique which enabled the separation of a thin film from its substrate by selective etching of 
a sacrificial Al0.7Ga0.3As release layer with an HF solution. Liquid phase epitaxy was used to 
produce samples consisting of 30 ßm  GaAs on top of a 5 ßm  thick release layer. Black wax was 
applied to the samples to prevent corrosion of pre-evaporated metal structures at the surface 
and to provide support for the fragile films, once they are released. This etch process was found 
to stagnate at etch depths of a few millimetres, since the HF etchant and the reaction products 
can not be exchanged sufficiently through the elongated narrow slit [12]. Nevertheless, Konagai 
et al. could use this technology to obtain small area GaAs films that were further processed 
into solar cells. In their article an extension of the method, called multi-PFT, in which ten 
consecutive GaAs layers with intermediate release layers are deposited on a single substrate, is 
also addressed. By dissolving the AlGaAs layers, numerous GaAs thin films can be obtained 
from one substrate in a single deposition cycle.
ELO, however, is only of interest for industrial utilization if device and substrate are sep­
arated with a sufficiently high etch rate. The lateral etch rate (VQ of this process is therefore 
of great importance and an established model [19] has recently been under serious investi­
gation [52,64-66], resulting in an equation, describing the maximum attainable etch rate as 
function of the external process parameters:
V  =  ° .23 _2551/T (5 1 )
Ve,max =  V R h  e ( )
with Ve,max in m m /hr, R  and h in mm and T  in K.
Investigation of these and other relevant parameters like aluminium fraction and doping 
concentration of the AlxGa1_xAs release layer, etchant concentration, etc. is usually performed 
by etching many samples. The epitaxial layers are attached to some kind of carrier with 
black wax and the release layer is etched away, thereby separating substrate and film. A 
lateral etch rate is determined from the sample dimensions and the total etch time. Using 
Weight-Induced ELO, Schermer et al. [52] found that the influence of temperature and release 
layer thickness on the lateral etch rate is in qualitative agreement with the theoretical model. 
Quantitatively, however, a discrepancy by more than three orders of magnitude was observed. 
Further research [66] on the influence of the radius of curvature confirmed this quantitative 
discrepancy, but also indicated a qualitative discrepancy. It was found that for h = 1 0  nm and
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T  =  323 K, the lateral etch rate depends on R  via:
Ve =  Vintr +  V (R) (5.2)
with a release layer composition dependent intrinsic etch rate Vintr =  3.1 m m /hr and a curva­
ture dependent V (R) =  293R_L2. This behaviour can be explained as follows. If no curvature 
is applied to the sample, the etch process under the abovementioned conditions initially is
3.1 mm/hr, but the process stagnates at a certain depth and this intrinsic etch rate will disap­
pear. If the crevice between substrate and film is kept open, the intrinsic etch rate is preserved 
during the complete process, thereby adding a constant value to the curvature induced etch 
rate.
The aim of the present work is to investigate Vintr of the AlxGa1_xAs release layer as a 
function of its thickness, composition and doping level. For this purpose a method is used 
that largely resembles multi-PFT. Samples that consist of several layers of III/V  material 
separated by release layers are briefly immersed in the etchant. The partly etched release layers 
are visualized with cross-section images, obtained with scanning electron microscopy (SEM), 
thereby revealing the etch depth of each layer. By variation of the thickness or composition 
(Al-fraction, doping level) of the subsequent release layers, the influence of the altered process 
parameter on the lateral etch rate can be determined from etching and analysis of a batch of 
samples from a single wafer.
Although in the present work only the initial stage of the ELO etch process is studied, the 
method has the future perspective of producing multiple thin film solar cells in a single MOVPE 
run and subsequently lift-off each of them.
5.2 E xperim ental procedure
5.2.1 Sam ple grow th, preparation and exam ination
All samples are grown with metal organic vapour phase epitaxy (MOVPE) in a horizontal 
Aixtron 200 reactor, using trimethyl-gallium (TMGa) and trimethyl-aluminium (TMAl) as 
group-III precursors and arsine (AsH3) as group-V precursor. Disilane (Si2H6) and diethylzinc 
(DEZn) are used as dopant precursors to obtain n-type and p-type doping. 2-inch GaAs wafers, 
n-type, p-type and undoped, with crystal orientation (100), 2°off towards <110> are used as 
substrates. A typical sample consists of five consecutive GaAs layers of approximately 0.75 ßm 
thick with an n-type doping concentration of circa 1017 cm_3, separated by AlxGa1_xAs release 
layers with varying thicknesses or composition, as shown in figure 5.1a. Note that the release 
layer closest to the GaAs substrate is referred to as release layer 1 (rl 1), whereas the release 
layer, closest to the top surface of the sample is referred to as release layer 5 (rl 5).
After deposition, each wafer is cleft in pieces of approximately 1 x 1 cm2. These samples are 









Figure 5.1: (a) Typical sample configuration, consisting of 5 identical GaAs layers of approximately 
0.75 ßm thickness, separated by AlxGa1_xAs release layers. (b) Sample of 1 x 1cm2 with 
lines along which it is cleft. The cross-sections are observed with SEM.
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to the samples so that the radius of curvature can be considered to be infinite. The etch process 
is terminated by rinsing the samples thoroughly in water for 10 minutes. Subsequently, the 
samples are delicately blown dry with nitrogen and cleft in four pieces, as shown in figure 
5.1b. In this way, a single 2” wafer yields about 40 samples for investigation. The samples are 
mounted on a holder with an electrically conducting glue in such a way that their cross-sections 
can be examined using a JEOL JSM-6330 F field emission scanning electron microscope at a 
magnification factor of 10 000 times, a working distance of 8 mm and an acceleration voltage of 
3.0 kV. In order to distinguish the GaAs layers from the AlxGa1_xAs release layers, the samples 
are not gold coated. To prevent image distortions due to charging of samples during electron 
probing, n- or p-type doping is applied for both the GaAs intermediate and AlGaAs release 
layers and n- and p-type substrates are used.
SEM analysis shows that the top layers near the edges of most samples are damaged during 
the second cleaving. However, despite this damage, for 20 to 30 samples of each wafer the etch 
depth of the release layers can easily be determined from the photographs of the cross-sections. 
The thus obtained data of the samples from one wafer are averaged for further evaluation, while 
the standard deviation is used to indicate the error margin in these data.
Optimisation studies showed that release layers etched to a depth (L) more than ±  10 ßm 
tend to stick together, thereby preventing the etching process to continue. Therefore the etch 
time in most experiments was limited to 10 seconds after which the samples are immediately 
rinsed in water for 10 minutes. Due to the short etch duration, errors in etch depths might be 
large, when samples from different etching experiments are compared. Samples from one wafer 
that are simultaneously etched, however, show a good uniformity in etch depths. Occasionally, 
the rinsing procedure was found not to function properly, because the GaAs intermediate layers 
of a particular sample stuck together, thereby preventing the water to reach the etch front. In 
this situation, the etching process continues much longer, resulting in far deeper etch slits than 
for the samples in the rest of the batch. The data obtained from such a sample are rejected for 
further analysis.
5.2.2 D etailed  sam ple description
The multi-release layer method (MRL) is only viable if the etch depth does not depend on 
the position of the particular release layer in the sample. To verify this, samples obtained 
from a calibration wafer with five identical standard release layers are investigated. A standard 
release layer is defined by h =  10 nm, x  =  1.0 and n =  8.7 • 1016 cm_3 as determined by Hall - 
van der Pauw measurements. As will be shown in the next section, a dependence of the etch 
depth on the position of the release layer in the samples is found. From this dependence a 
set of correction factors is determined which are applied to the data obtained during further 
experiments in order to find an unbiased relation between etch depth and each of the process 
parameters investigated.
63
Table 5.1: Release layer configuration of the wafers investigated. In the release layers of each wafer a 
single parameter is varied. All other parameters have the standard values i.e. h = 10nm, 
x = 1.0 and n = 8.7 • 1016 cm-3. Note that rl 1 is closest to the substrate. The substrate is 
n-type for wafers 1 to 6, p-type for wafer 7 and undoped for wafer 8.
wafer investigated Parameter value
nr. parameter rl 1 rl 2 rl 3 rl 4 rl 5
1 calibration five standard release layers
2 h (nm) 2 3 5 7 9
3 h (nm) 5 10 15 20 25
4 x 0.7 0.775 0.85 0.925 1
5 x 0.3 0.4 0.5 0.6 0.7
6 n c m i ) 5 • 1015 (*) 9.4 • 1015 3.7 1015 2.1 1017 4.2 • 1016
7 p (cm 3) 5 • 1015 (**) 3.9 • 1015 4.3 1015 2.9 1017 5.5 • 1018
8 p (cm-3) identical to wafer 7, undoped intermediate GaAs layers
(*): Assumed doping concentration of non-intentionally doped layer.
(**): Assumed n-type doping concentration of non-intentionally doped layer.
The details of all samples investigated are given in table 5.1. Only the differences, compared 
to the standard release layer properties (h =  10 nm, x  =  1.0 and n =  8.7• 1016 cm-3) are shown. 
In the second column the investigated parameters for each wafer are given. Release layers with 
low aluminium concentrations from wafer 5 were found not to etch during 10 seconds. Therefore 
longer etch durations, varying from 1 minute up to 24 hours, were applied for samples obtained 
from this wafer. In contrast with all other wafers, the intermediate GaAs layers in wafer 7 
are p-type doped with doping concentration of circa 1017 cm-3 to prevent the formation of pn- 
junctions (leading to charging of the samples during SEM probing). Zinc is well known to diffuse 
easily in these materials. To identify whether or not diffusion of zinc from the release layer to 
the intermediate layers or vice versa is important in the present work, an undoped wafer with 
undoped intermediate GaAs layers (wafer 8) is compared to the wafer with relatively highly 
p-doped (1017cm-3) intermediate GaAs layers (wafer 7).
5.3 R esu lts and discussion
5.3.1 C alibration sam ple
Figure 5.2a is a typical example of a SEM photograph of a calibration sample with 5 identical 
standard release layers. The AlAs release layers are 10 nm thick, so that they are only visible 
when etched. Arrows indicate where the etching of the release layer has stopped. As frequently
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Figure 5.2: (a) Cross-section SEM image of the calibration sample after etching. From bottom to top 
the substrate and the five intermediate GaAs layers are visible. The AlAs release layers 
are so thin (10 nm) that they are only visible when etched. Arrows indicate the etch depth 
for each release layer. (b) Average etch depth for five identical 10 nm thick release layers 
as function of the position in the sample for an etch duration of 10 seconds. The width of 
the error bars is given by twice the standard deviation.
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observed, also in this particular sample, the top GaAs layer is broken, due to the post etch 
cleaving procedure. The average etch rate, as obtained from 27 calibration samples originating 
from wafer 1 (see table 5.1) is given in figure 5.2b. This graph reveals that release layers, 
positioned higher in the sample (i.e. closer to the surface) etch faster than release layers 
closer to the substrate. This is caused by the fact that the GaAs intermediate layers are 
able to move slightly, thereby opening the etch slit and improving the exchange of etchant 
and reaction products. The higher the GaAs intermediate layer is positioned in the sample, 
the more possibilities it has to move. The etch rate of release layer 1, which is closest to the 
substrate, will therefore most closely resemble the intrinsic etch rate, as defined in equation 5.2. 
The results obtained during further research using the MRL approach are therefore corrected 
for this etch rate increase by the data obtained from the calibration samples. This is done by 
dividing them by a correction factor which is found by normalizing the etch rate of each release 
layer of the calibration sample to the etch rate of the release layer, closest to the substrate. 
This results in the factors 1, 1.03, 1.08, 1.11 and 1.35 for layers 1 to 5, respectively.
5.3.2 R elease layer thickness
Using wafers 2 and 3 the influence of release layer thickness in the range from 2 to 25 nm on 
the intrinsic etch rate has been investigated. Cross-section SEM images of a typical sample 
from wafers 2 and 3 are given in figure 5.3a and b, respectively. The etch rates for each series 
are measured and corrected with the correction factors from the calibration samples. The 
results as given in figure 5.4 show that the intrinsic etch rate increases rapidly with the release 
layer thickness h up to approximately 1 m m /hr at about 10 nm thickness. When h increases 
further, VJntr remains constant within the error margins. Additional experiments with release 
layer thicknesses up to 400 nm indicate that also far above 25 nm, Vintr remains constant as a 
function of h .
The objective of the present research is to determine the intrinsic etch rate of the AlxGa1-xAs 
release layers as given in equation 5.2. This etch rate is expected to depend on the material 
composition of the release layer and should therefore not vary with h, which resembles the 
geometry of the layer. However, the etch rate as determined with the MRL method goes 
rapidly to zero as h is reduced to values below 10 nm. This indicates that under the conditions 
applied in the present work (i.e. room temperature, 10% HF solution and etch depths (L) up 
to a maximum of 10 ßm) diffusion limitations start to hamper the etch process. From this it 
can be concluded that under these conditions, the use of the MRL method to determine Vintr 
only yields good results if the ratio L /h  is below 10 ßm /10nm  =  1000; a condition which, apart 
from the experiments with h < 10 nm, is met in all experiments of this study.
No etching of the AlAs release layers was observed for h < 2nm. A similar lower limit 
for the release layer thickness was encountered in previous work in which a weight induced 
ELO process was studied [52]. At such a limited thickness the release layer consists of only 4
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Figure 5.3: Cross-section SEM image of the samples from the thickness series. These particular sam­
ples have release layer thicknesses from substrate to surface of respectively 2, 3, 5, 7 and 




Figure 5.4: Average etch rate for release layers with thicknesses varying between 2 and 9nm (filled 
circles) and between 5 and 25 nm (squares) as function of the release layer thickness. The 
width of the error bars is given by twice the standard deviation, the line is to guide the 
eye.
unit cells and thus 7 to 8 monolayers of AlAs. The chemistry of such a thin interface layer (in 
practice a surface) is probably different than for bulk AlAs. Furthermore, diffusion through such 
extremely narrow channels cannot be described by conventional methods anymore. Koteswara 
Rao et al. [96] calculate that a fitting description is somewhere between a 2- and 3-dimensional 
diffusion model.
5.3.3 A lum inium  fraction
As can be expected from work by Wu et al. [88], the aluminium fraction of the AlxGai_xAs layer 
appears to be the most influential process parameter in this study. The results obtained with 
samples from wafer 4 (x =  0.7, 0.775, 0.85, 0.925 and 1) are given in figure 5.5a, which shows 
that higher aluminium fractions result in higher etch rates. It turns out that release layers 
with aluminium fractions below 0.7 (wafer 5) hardly etch in 10 seconds time. These lower 
aluminium fractions are therefore investigated using much longer etch times varying between 1 
minute and 24 hours. Only samples, etched for a period of 12 hours or more showed notably 
etched Alo.3Gao.7As release layers.
In figure 5.6a a cross-section SEM image of such a sample is shown after 12 hours of etching 
in a 10% HF solution. Due to the long etch times, the front side of the intermediate GaAs 














Figure 5.5: (a) Average etch rates for release layers with aluminium fraction of 0.7, 0.775, 0.85, 0.925 
and 1, as function of the aluminium fraction. The width of the error bars is given by 
twice the standard deviation, the line is to guide the eye. (b) The AlxGai_xAs etch rate 
as a function of x (axis at the left hand side) and the etch selectivity of AlxGa1_xAs as a 
function of x (axis at the right hand side). The error in the values is approximately 10%, 
the line is to guide the eye.
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Figure 5.6: (a) Cross-section SEM image for a sample with AlxGa1_xAs release layers with aluminium 
fractions of 0.3, 0.4, 0.5, 0.6 and 0.7 after 12 hours of etching in a 10% HF solution. 
Inset: detailed image of release layers 1 and 2. (b) Schematic representation describing 
the situation of the samples after long etch times, as shown in (a).
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longer insignificant with respect to the AlGaAs etch rate, is reflected by the V-shaped etched 
crevices for the lower values of x  (see insert of figure 5.6a). As a result, the actual depth of 
the release layers etched away during the process is larger than can be measured at the end 
of the process. However, the real etch depth and consequently the etch rate of the release 
layers can be determined from the measured width and depth of the etch slits at the end of 
the process. Figure 5.6b is a schematic representation of the situation before (dashed lines) 
and after etching (solid lines). AL and AL +  L represent the distances the GaAs front side of 
the sample (substrate and intermediate layers), respectively the AlxGa1_xAs release layer have 
etched. The tangent of angle a  is given by:
—  AL
tan a  =  —— =  ---------  (5.3)
L A L  +  L v '
from which the amount of material etched away from the front side of the samples is calculated 
to be:
AL =  rL ( V -  (5.4)
2L -  (y -  h)
From the constant value of AL determined in this way and the total etch time, the etch rate 
of GaAs (i.e. Vintr for x  =  0) under the conditions applied in the present work was found to be 
1.9 • 10_6 mm/hr. The etch rate of the AlGaAs release layers is determined from AL +  L and 
the total etch time. The thus obtained values for the AlxGa1_xAs etch rate as a function of x  
including the data obtained from the samples of wafer 4 with the high aluminium fractions are 
shown in figure 5.5b. Normalizing the etch rates with respect to that of GaAs gives the etch 
selectivity of AlGaAs over GaAs as indicated by the axis at the right hand side of figure 5.5b. 
The values for the selectivity, obtained with this method are of the same order of magnitude 
as the values as obtained by Wu et al. [88].
5.3.4 D oping concentration
Assuming that an undoped release layer (rl 1) has an n-type background doping concentration 
of 5 • 1015 cm_3, analysis of the cross-section SEM photographs of the etched samples obtained 
from wafer 6 give Vintr as a function of n as shown in figure 5.7a. From this figure it follows 
that the silicon n-type doping concentration of the release layers has no significant influence on 
their intrinsic etch rate.
Examination of the cross-section SEM images of samples obtained from wafer 7 yield a 
relation as given in figure 5.7b (top dashed line) for the intrinsic etch rate as a function of the 
p-type doping concentration. Unlike n-type doping, increased p-type doping leads to higher 
intrinsic etch rates of the AlAs release layers.
To study the possible effect of zinc diffusion from the intermediate GaAs layers into the 
release layers or vice versa on these results, wafer 8 with undoped GaAs layers and substrate is 
examined for comparison. The results obtained from samples of this wafer are also displayed
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(b) Zn doping concentration (cm-3)
Figure 5.7: (a) Average etch rates for release layers with varying Si doping. (b) Average release layer
etch rates for a wafer with relatively highly zinc doped (top dashed line) and a wafer with 
non-intentionally zinc doped intermediate GaAs layers and GaAs substrate (bottom dashed 
line). The solid line represents the most likely relation between doping concentration and 
etch rate. The width of the error bars is given by twice the standard deviation, the line is 
to guide the eye.
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in figure 5.7b (bottom dashed line). Note that the data points, representing rl 1 are diamond 
shaped to indicate that these layer are not p but slightly n-type doped, as a result of the 
background doping in the AlAs layer. Comparing the two curves in this figure it becomes clear 
that zinc doped intermediate GaAs layers affect the lateral etch rate considerably, compared 
to undoped GaAs layers. Quantitatively, all etch rates are higher when doped GaAs layers are 
used. The reason for this behaviour is found in two effects, namely the diffusion of zinc from 
the intermediate GaAs layers to the release layers with low doping concentration (wafer 7) and 
the diffusion of zinc from the release layers with high doping concentration to the undoped 
intermediate GaAs layers (wafer 8). It is assumed that data points, obtained from release 
layers, surrounded by intermediate GaAs layers with zinc concentrations within the same order 
of magnitude, are not or only marginally influenced by such diffusion processes. Therefore, 
the solid line in figure 5.7b, which goes through these data points as obtained from samples 
of wafers 7 and 8, probably resembles the actual relation between the intrinsic etch rate and 
the zinc doping concentration best under this assumption. It should, however, be noticed that 
conclusive data about the diffusion of zinc from GaAs to AlGaAs or vice versa is not readily 
available. Algora et al. for example state that the zinc diffusion coefficient in Al085Ga0.15As 
is about four times greater than in GaAs [97], while Enquist et al. state that the diffusion 
of zinc in GaAs is significantly larger than in AlGaAs with varying aluminium fraction [98]. 
On the other hand, Nordell et al. state that there is no difference in zinc diffusion in GaAs 
and in AlGaAs [99]. Nordell et al. and Enquist et al. agree on the fact that the solubility of 
zinc in AlGaAs is lower than in GaAs, although in both cases this is only stated for relatively 
low aluminium fractions below 0.3 [98,99] and absolute values for this solubility are not given. 
Based on these data it can be concluded that, although the assumption made before might not 
be correct, any reliable data suggesting a better assumption is not available.
5.4 C onclusions
Previous research on the epitaxial lift-off process showed that the lateral etch rate consists 
of an intrinsic and a curvature-induced part. The MRL method, as described in the present 
study, enables the investigation of the intrinsic part of the ELO etch rate. Three parameters, 
namely thickness, aluminium fraction and doping concentration of the release layers have been 
investigated. The MRL method appears well suited to study the influence of intrinsic release 
layer properties on the constant part of the lateral etch rate of the ELO process, in particular 
when the samples are etched simultaneously. Furthermore, MRL is an alternative method to 
determine the selectivity of HF for AlxGa1_xAs over GaAs, yielding results that are comparable 
to those obtained with other methods.
As expected, the release layer thickness has no influence on the intrinsic etch rate of the 
process for release layers with thicknesses exceeding 10 nm. For thinner release layers, diffusion 
processes hamper the process, resulting in lower etch rates. When the thickness decreases below
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2nm, the interface roughness between release layer and intermediate GaAs layer probably 
becomes larger than the release layer thickness. Furthermore, the surface chemistry of such 
thin layers is likely to be different than for bulk AlAs. This effect has been observed, both in 
conventional as well as in the MRL setup.
The aluminium fraction of the AlxGa1_xAs release layers turns out to be the most influential 
process parameter. Lower aluminium fractions result in highly reduced etch rates, varying from 
1.46 m m /hr for x  = 1  down to 9.6 • 10_6 m m /hr for x  =  0.3. The selectivity of HF for AlxGa1_xAs 
over GaAs as function of the aluminium fraction was deduced from the shape of the etch slits. 
Values varying between 4.35 for x  =  0.3 and 860 000 for x  =  1, as found in the present work, 
are of the same order of magnitude as those, obtained by Wu et al. [88].
For n-type doping of the release layers no effect on the intrinsic etch rate is found. Using a 
wafer with relatively highly zinc doped and a wafer with non-intentionally zinc doped interme­
diate GaAs layers, the effect of zinc diffusion from these layers toward the AlAs release layers 
and vice versa was clearly noticed. Combination of the results obtained from samples of both 
wafers showed that for p-type doping, a factor of 5500 in doping concentration variation results 
in an increase of the etch rate by a factor of ~  5.
When the data of the different series are compared, it is found that Vintr of the standard 
release layer, defined by h =  10 nm, x  =  1.0 and n =  8.7 • 1016 cm_3 varies between 1 and 
1.5mm/hr. The samples in each of these series were etched for only 10 seconds, resulting in 
a large spread when comparing the different series with each other. The samples within one 
series, however, experienced identical processing conditions and showed good mutual agreement. 
Furthermore, the MRL process shows intrinsic etch rates (Vintr ~  1.5 mm/hr) in the same range 
as the bulk etch rate of AlAs (Vb ~  2.2 mm/hr) found in chapter 4 [66].
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C hapter 6
I n f l u e n c e  o f  s t r a i n  o n  t h e  A l A s  e t c h  r a t e  i n  
a q u e o u s  H F  s o l u t i o n s 1
A b stract
THE lateral etch rate of the AlAs release layer through a narrow crevice in the weight-induced epitaxial lift-off (WI-ELO) process is much larger than observed for unobstructed planar AlAs 
layers. It is possible that this increase in etch rate is caused by the tensile strain induced upon the 
AlAs layer in the WI-ELO setup. In order to verify this assumption, planar AlAs layers were etched 
in HF solutions while subjected to a controlled curvature to reduce the already present compressive 
strain and the etch rates were measured. For large applied bending radii no change in etch rate was 
observed, because the induced bending is smaller than the already present bending due to the lattice 
mismatch. Further bending induces a total compressive strain from -0.126% to -0.11%, resulting in 
an etch rate variation from 0.054 up to 0.066 mm/hr. Measurements on AlAs layers experiencing a 
tensile strain of +0.286% showed much higher etch rates of 0.134 mm/hr.
The present results obtained on etching experiments in the lateral plane are extrapolated to 
the perpendicular direction so that a combination with the data from previous work becomes 
feasible. This results in a better microscopic picture of the etch front in the WI-ELO process. It is 
found that the force exerted by the weight can be projected on an area, limited by the sample width 
and a depth of approximately 6 ßm.
1The work presented in this chapter is based on 'Strain-accelerated H F  etching o f  A lA s  fo r  epitaxia l lif t-o ff ’ 
by M.M.A.J. Voncken, J.J. Schermer, G.J. Bauhuis, A .T.J. van Niftrik, and P.K. Larsen, Journal of Physics: 
Condensed M atter 16, 3585, (2004).
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6.1 Introduction
The weight-induced epitaxial lift-off (WI-ELO) process is a technique which allows the separa­
tion of a single crystalline film or device from the substrate it is deposited on [19,52] (see figure 
2.2). This is achieved by the selective chemical etching of an intermediate AlAs sacrificial layer 
with an aqueous HF solution. ELO can result in several benefits in device processing. The sub­
strate remains unharmed and can therefore be reused, hereby reducing costs significantly. The 
lifted device is very thin, yielding multiple possibilities for applications that are not possible 
for devices on their substrate. A thin film III/V  based optoelectronic device can for exam­
ple be combined with a silicon based structure, thereby combining the benefits of both [56]. 
Thin film lasers can be mounted on excellent heat conductors like copper or diamond, so that 
larger power and heat dissipation becomes feasible. For solar cells, the cost reduction resulting 
from the substrate reuse is the most important drive for pursuing ELO research, although it 
should be noted that thin film solar cells offer some additional benefits as well. Recent work 
(chapter 8) has already shown that thin film solar cells reach efficiencies that are comparable 
and sometimes even better than those obtained for identical solar cell structures on a GaAs 
substrate [50]. In concentrator setups, solar cells tend to become very hot; a thin film cell, 
which can be cooled more efficiently, is then an essential step towards higher concentration 
factors [100]. For space applications, where the weight of the solar cells is important, thin film 
cells with efficiencies comparable to cells on substrate are very desirable [101]. Finally, thin 
film solar cells show a much larger transparency for light with an energy that is smaller than 
the bandgap of the semiconductor material, compared to cells on their substrates. The thin 
film cells are therefore a more favourable candidate for the top cell in a mechanically stacked 
tandem solar cell [102].
ELO is only suitable for large scale industrial utilization if the rate at which substrate and 
device are separated is high enough (i.e. comparable to the time that is needed for the crystal 
growth of the thin film structure). The lateral etch rate of the process as a function of the 
release layer thickness (h), temperature (T ) and applied radius of curvature (R) of the film (see 
figure 2.2) has therefore been under serious investigation during the last years [52,64-66]. Based 
on the generally used model as proposed by Yablonovitch et al. [19], the maximum attainable 
etch rate Ve,max in an aqueous 10 % HF solution as function of the relevant process parameters 
would be given by:
=  ° .23 e_2551/T (6 1)
Ve’max =  V R h  e ’ ( )
with Ve,max in m m /hr, R  and h in mm and T  in K [19,52,64]. Recent experiments, however, 
demonstrate that this model does not describe the process very well. For standard conditions 
(R =  50 mm, h =  5nm and T  =  323 K), the model predicts a lateral etch rate of 3 ^ m /hr, 
whereas experiments already showed etch rates in the order of 5 m m /hr under the same condi­
tions [66]. Furthermore, a qualitative difference in the relation between Ve,max and R  in model
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and experiments was found. Whereas the model predicts an inverse square root dependency of 
Ve,max on R, the experimental results obtained at h =  5 nm, T  =  323 K and an HF concentration 
of 10 % indicate a relation given by:
K  =  3.1 +  293R_1'2 , (6.2)
with Ve in m m /hr and R  in mm [66]. This clearly shows that the relation between Ve,max and R  
is not governed by an inverse square root, but by a more complicated connection. The first part 
of the right-hand side of equation 6.2 is a radius-independent part, which has been thoroughly 
investigated in chapter 5 [68], while the second part is radius dependent.
The radius dependent part of equation 6.2 is under investigation in the present work. The 
most direct influence of a variation in the applied radius of curvature is a difference in the 
opening of the crevice and with this the exchange rate of reaction products. This, however, 
can never enhance the etch rate to values that exceed the bulk etch rate, as obtained for an 
unhampered etch process [66], by a factor of more than 10. The application of a force to 
the sample, however, also influences the material itself by placing it under tensile strain. In 
the present work, we describe the effects of strain on the etch rate of AlAs layers for planar 
samples subjected to a controlled curvature and for samples in the multi-release layer setup [68]. 
The results obtained are used to provide a better microscopic picture of the etch front in the 
WI-ELO setup.
6.2 E xperim ental
All samples are grown using low pressure ‘Metal Organic Vapour Phase Epitaxy’ (MOVPE) 
in an Aixtron 200 reactor. The source materials are trimethyl-gallium (TMGa) and trimethyl- 
aluminium (TMAl) for the group-III species and arsine (AsH3) as the group-V species. Disilane 
(Si2H6) is used as a precursor material in order to obtain n-type doping. The carrier gas is 
hydrogen (total flow 6.5 slm) and the reactor pressure and temperature are kept at 20 mbar 
and 650 °C, respectively. Two series of samples are produced, the first is for the experiments in 
which a controlled radius of curvature is applied, the second for a multi-release layer experiment, 
as described in chapter 5 [68]. For the first series the substrates are 2-inch undoped (100) GaAs 
substrates, 2 degrees off towards <110>. The layer structure of the samples is given by a 0.3 ßm  
thick undoped GaAs buffer layer, an n-type AlAs layer of 2 ßm  thickness and the samples are 
topped with a 150 nm thick undoped GaAs cap layer in order to prevent premature oxidation 
of the AlAs layer. For the second series the substrates are 2 inch n-type GaAs substrates with 
identical crystal orientation. The layer structure is given by a 0.3 ßm thick n-type GaAs buffer 
layer, followed by a stack of 5 n-type AlAs layers of 10 nm thickness, sandwiched between 5 n- 
type GaAs intermediate layers of 0.75ßm thickness (see figure 5.1a), identical to the calibration 
sample in chapter 5 on the multi-release layer experiments [68].
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The first objective of the present study is to apply controlled curvature to the samples 
and measure the AlAs etch rate in an aqueous HF solution as a function of the thus induced 
strain in the layer. Because the originally 350 ßm thick GaAs wafers only allow a relatively 
small bending (r > 250 mm, with r the induced radius of curvature due to bending) before the 
samples break, the samples are first thinned by a chemical etch process. For this purpose the 
wafers are cleft into samples of approximately 10 x 15 mm2. The front sides of the samples are 
then covered with black wax (Apiezon) and the samples are etched from the backside with a 
citric acid - hydrogen peroxide solution (5:1) for 14 hours and 42 minutes. At an average etch 
rate of 0.34 ß m/min, this results in samples with a GaAs substrate thickness of 50 ß m. Radii 
of curvature down to 80 mm are then attainable without breaking the samples.
After the thinning procedure, the samples are cleaned by dissolving the wax with trichloro- 
ethylene and mounted on a device (the bender), which is able to provide the sample with the 
desired radius of curvature (see figure 6.1). The sample is fixed on a flexible plate with two 
holders and the plate is mounted on a base-plate with nylon screws. A large screw in the 
base-plate is used to apply a controlled curvature to the flexible plate, thereby applying the 
same curvature to the sample. The entire bender is made of plastic (Pertinax base-plate, poly­
propylene flexible top-plate and nylon screws) for chemical stability and to ensure that the etch 
process is not influenced by other chemical reactions.
The samples are mounted while the flexible plate is straight. Then the bender is immersed 
in an ammonia - peroxide (NH3:H2O2:H2O =  2:1:10) etching solution in order to remove the 
GaAs cap layer. Preliminary experiments showed that the GaAs etch rate in this solution is 
1.11 ßm/min, so the 150 nm thick cap layer is removed in approximately 8 seconds. To ensure 
that the cap layer is removed completely, an etch duration of 30 seconds is chosen. However, 
it should be noted that in the additional time the AlAs layer is already slightly attacked. 
The rate at which this occurs was measured to be 0.05 ßm/min, so that the effective AlAs 
layer thickness is only reduced by about 1 %, which is well within the error margins of these 
experiments. Immediately after the cap etch the bender with mounted sample is transferred to 
a large beaker with nanopure water and thoroughly rinsed. While keeping the bender immersed 
in the water, the desired radius of curvature is applied to the sample via screw F (see figure 6.1). 
Values for t  are chosen between 0 and 7 mm, resulting in radii of curvature varying between 
infinite and 80 mm. The samples were found to break if a smaller radius is applied. Subsequently 
the bender is immersed in the actual etchant: aqueous HF solution. The HF solution is stirred 
to avoid possible diffusion problems during the etch process. By a change of colour, it is clearly 
visible when the AlAs layer is completely etched away, thereby revealing the underlying GaAs. 
The time needed for etching through the AlAs layer is measured, thereby yielding the etch rate. 
In order to minimize measurement errors, a long etch duration is favoured. This would suggest 
choosing a low HF concentration. Experiments, however, showed that if the HF concentration 
is chosen below 10 %, the etch process is not very reproducible, because in some cases a black 
debris is formed on the samples. Logan et al. also found this debris and they referred to it as
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Figure 6.1: (a) Side view and (b) top view of the plastic device used to induce a curvature to the 
samples during etching (the bender). The sample (A) (crystal orientations are indicated) 
is secured on a flexible plate (C) with two holders (B). The flexible plate is attached to the 
base plate (E) with four nylon screws (D) separated by a distance q. A large nylon screw 
(F) is used to raise a rigid bar (G), which pushes the top plate upwards over a distance t, 
resulting in a certain radius of curvature of the top plate. The bar is used to ensure that 
the curvature of the top plate and thus that of the sample is two-dimensional. The holes 
for screws (D) in the top plate are elongated to allow this curvature. The holes (H) for 
the screws in (B) are also elongated to facilitate a secure clamping of the sample to the 
top plate.
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glassy oxides [103]. These oxides prevent the etch process from progressing or suddenly detach 
and show a completely etched AlAs layer. At HF concentrations of 10 % and higher, the etch 
process progresses reproducibly, but the etch times are only ~5 seconds. This does not result 
in accurate time measurements. The solution to the problem was found by the use of an HF 
solution with a low concentration (0.5%) combined with H2O2 (HF (48%):H2O2 (30%):H2O 
=  5:24:451). Etching in this solution proved to be reproducible and no stabilizing oxides or 
glasses are formed. It the rest of this work it is assumed that the rate limiting step in the 
etching process is the same for etching with aqueous HF or with aqueous H F/H 2O2 solution. 
The etch times are around 2 minutes, which makes accurate timing possible. Three times were 
measured, the first when the first spot of GaAs becomes visible through the etched AlAs layer, 
the second when the AlAs layer is removed over about half the area of the sample and the third 
when the entire AlAs layer has disappeared. Since the first etch time is not very reproducible, 
the etch time was calculated by averaging the second and third measured etching time. A 
series with values of t  varying between 0 and 7 mm was performed twice and the results were 
averaged.
The second objective is to measure the AlAs etch rate in the multi-release layer setup. The 
samples of the second series are cleft in pieces of approximately 1 x 1 cm2 and etched for 2 
minutes in the same HF - H2O2 - H2O mixture, as used in the first series. After etching the 
samples are thoroughly rinsed in nanopure water for 10 minutes and subsequently delicately 
blown dry with nitrogen. The samples are then cleft into four pieces and the cross-sections are 
examined with scanning electron microscopy (SEM) (see figure 5.1b). The SEM images show 
how deep each AlAs layer has etched in 2 minutes, thereby revealing the etch rate. A detailed 
description of the multi-release layer technique is given in chapter 5. Twelve samples were 
measured by SEM, leading to 60 data-points (5 AlAs layers per sample), which are corrected 
for the position in the sample and for the GaAs etch rate. According to the procedures, 
described in chapter 5, averaging them leads to a representative value for the etch rate.
It should be noted that in the first series of experiments the compressive strain is in the 
x-y-direction (in plane with the surface of the substrate), while the AlAs layers are etched in 
the z-direction (perpendicular to the substrate). In the multi-release layer setup, however, the 
tensile strain is in the z-direction, while the etching occurs in the x- and y-direction.
6.3 R esu lts and discussion
6.3.1 Strain in A lA s layers
The applied distance t  in the experiments is used to calculate the radius of curvature r of the 
sample. The distance q between the two sets of flexible screws (D) at the left and right hand 
side in figure 6.1 is fixed at 65 mm. For small values of t, r is then found by assuming a circle
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shape of the flexible top plate: 
t 2 +  (q /2 )2 (6.3)
2t
with r, t  and q in mm. The strain in the AlAs film e is defined as e =  A L /L 0 with L0 the 
sample length without stress and AL the induced extra length. The plate (substrate plus film) 
is clamped and it is assumed that the sample length in the mid-plane is unchanged by the 
bending (analogous to reference [104]). This means that the upper half of the substrate plus 
film is under tensile strain and the bottom half is under compressive strain (see figure 6.2b). 
Via:
L  =  A L (6.4)
r d /2  ( )
with d the thickness of substrate plus film, it follows that e is given by:
e =  d . (6.5)
2r
The strain a  is usually calculated via a  =  e E  with E  the Young modulus. The Young modulus 
is strongly dependent on the crystal orientation of the samples. Furthermore, a correction for 
bi-axial stresses is generally applied by replacing E  with E / (1 — v ) with v  the Poisson ratio. 
This Poisson ratio is also crystal orientation dependent, varying between 0.33 and 0.024 for 
different crystal orientations. In the present study samples with crystal orientations in the
(100) plane are used, the stress is in the < 0 11  > direction, while the transverse strain is in the 
<011> direction. The values for E  (120 GPa for AlAs and 122 GPa for GaAs) and v  (0.024 for 
both) are almost identical in this case [1]. In further calculations Eaias is set equal to E GaAs, 
an approximation that is justified by their small differences and the fact that the substrate plus 
epilayer consists for ~  96% of GaAs. Furthermore, v  is set equal to zero, because the bi-axial 
stress effects are very small, i.e. v  ^  1. By combining equations 6.3 and 6.5 the resulting 
strain is directly related to the distance t  of the bender:
e =  Í2+ W  (6'6)
AlAs has a slightly larger lattice constant, compared to GaAs (0.566139nm for AlAs versus
0.56533 nm for GaAs at room temperature [1]), resulting in a compressive strain of e =  —0.143 % 
and an associated stress of a  =  —0.174 GPa. The tensile (positive) strain that is applied by 
bending the samples is added to the compressive (negative) strain that is already present in 
the epilayer (see figure 6.2). From equation 6.6 it follows that for d =  50 ß m  and the largest 
possible t  of 7mm, a tensile strain of +0.0317% is reached, so the compressive strain in the 
layer, due to the lattice mismatch, is about 5 times larger than the maximum inducible tensile 
strain due to sample bending. Bending therefore leads to a reduction of the compressive strain. 






Figure 6.2: Compressive (arrows to the left) and tensile (arrows to the right) strains in a substrate 
plus epilayer. (a) Situation where the lattice mismatch strain is equally distributed over 
the thickness of the substrate and the epilayer. Note that the substrate is generally much 
thicker than the epilayer, so that the strain in the substrate can be neglected. (b) Strain 
distribution in a bended sample without lattice mismatch. (c) Strain distribution in a 
bended sample with lattice mismatch, which is a superposition of both previous situa­
tions. Note that samples with a lattice mismatch between epilayer and substrate show 
spontaneous bending to a certain curvature (i.e. without exerting an external force).
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Figure 6.3: Etch rate of AlAs under reduced compressive strain in an 0.5 % aqueous HF/H2O2 solution.
The width of the error bars is given by ±3.5 %, which was estimated from the timing errors 
in the etch experiments. The top horizontal axis denotes the externally applied radius of 
curvature r. The vertical dotted line indicates the point at which the externally applied 
bending equals the bending induced by the lattice mismatch. Left of the dotted line the 
strain in the AlAs layer is equal to -0.126%. This is a reduction of the 0.143% from the 
lattice mismatch, due to the auto-bending of the sample.
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Figure 6.4: SEM image of a cross-section, revealing the etched AlAs release layers. Due to the cleaving 
after etching, the top GaAs layer has broken off. It is clearly visible that by adding H2O2 
to the HF etchant, the extreme etching selectivity of ~  106 for AlAs over GaAs is lost.
The results of these experiments are given in figure 6.3. It is clearly visible that for little 
bending (externally applied radius of curvature r > ~  150 mm) no visible effect is found. This 
can be explained by the fact that the GaAs-AlAs stack is already curved due to the intrinsic 
lattice mismatch. This curvature is not undone by clamping the sample to the flexible top 
plate. The curvature can be calculated using the Stoney formula [105,106]:
1 Esd2 7)a f =  7-T ,-------\ T  > (6.7)6r (1 — vs)df
where the index s refers to substrate (GaAs) and f  to film (AlAs). For the previously calculated 
stress, a value for r of 148 mm follows, which is in excellent agreement with the experimentally 
determined value of ~  150 mm. This value is reached when t  equals 3.6 mm. The extra 
bending of the sample therefore only influences the system when t  is larger than 3.6 mm. This 
corresponds well with the results obtained in figure 6.3. For values of t  exceeding 3.6 mm a 
clear effect of the bending and thus reduced compressive strain on the etch rate is observed. A 
linear fit through these data points is given by:
Ve =  0.15 +  75.5e , (6 .8)
with Ve the etch rate in mm/hr.
The experiments with the multi-release layer samples (figure 6.4) show an averaged etch rate 
of 0.134 mm/hr. This etch rate was obtained for the etching of AlAs under tensile strain, sand­
wiched between two GaAs layers. The magnitude of the tensile strain can be calculated from
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the fact that the volume of a unit cell of AlAs remains constant, so a compression of -0.143 % 
(lattice mismatch) in two directions leads to a tensile strain of +0.286% in the perpendicular 
direction (a =  +0.343GPa). From this result it already becomes clear that strain has a large 
influence on the etch rate. AlAs layers under tensile strain etch approximately 2.5 times faster 
than planar AlAs layers, which experience compressive strain for the aforementioned values of 
e. However, the measured value of 0.134 m m /hr is significantly lower than the value predicted 
by equation 6.8 (0.366mm/hr). This could be due to the fact that in the multi-release layer 
setup the etch process takes place through a narrow etch crevice, without any applied radius 
of curvature to facilitate the exchange of etchant and reaction products, while the etch process 
described by equation 6.8 is characterized by a free and unhampered exchange of etchant and 
reaction products.
6.3.2 R elation  w ith  th e W I-ELO process
Both the etching experiments on planar AlAs layers and on the multi-release layers show that an 
increase in the AlAs etch rate occurs if the bonds between the atoms increase in length, i.e. if a 
layer is experiencing a positive difference in strain. In the WI-ELO process, a positive difference 
in strain is also present, as shown in figure 6.5. Instead of a reduction of the compressive strain, 
now an increase of tensile strain is encountered. If we assume that the relation between strain 
and change in etch rate is similar for both compressive and tensile strains, it becomes possible 
to obtain a better description of the ELO etching process on a microscopic scale. In the first 
place it becomes possible to elaborate in more detail the assumption made in chapter 4 [66] that 
the differences in etch rate as function of the radius of curvature in the WI-ELO configuration 
(see figure 2.2) are related with strain in the release layer. In the second place it allows an 
estimation of the release layer area on which the force applied by the weight in the WI-ELO 
configuration actually works (see figure 6.5).
It was found that the lateral etch rate as function of the applied ELO radius of curvature 
R  is given by equation 6.2. Because in this equation the etch rate of 3.1 m m /hr is considered 
to be the radius-independent part, the increase in etch rate, as function of this R  is defined via 
the factor f :
f  = 3.1 + 2^  . (6.9)
A similar factor f  ' can be deduced from figure 6.3, which correlates the factor to the strain in 
the layer:
=  ( m  + 755£ .
J 0.15 V ;
In chapter 4 [66] factors f  varying between 1 and 10 were found for R  varying between infinite 
and 7 mm. For these factors, an estimate of the increase in strain can be made if we assume that 
the increase in etch rate can be fully attributed to strain in the layers. The AlAs layer, which
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Figure 6.5: Detail of figure 2.2 giving a schematic representation (cross-section) of the strain in the 
AlAs release layer during etching in the WI-ELO configuration. In this approach the strain 
in the z-direction increases from the previously calculated +0.343 GPa up to am from a 
certain point P towards the etch front. The width of the sample (b), i.e. perpendicular to 
the plane of paper, is typically 15 mm.
86
is sandwiched between two GaAs layers, is compressively strained in the directions, parallel to 
the GaAs substrate surface and consequently under tensile strain perpendicular to this surface 
with an e of +0.286%. Equation 6.10 then shows that the increase in etch rate with respect 
to an unstrained layer is already a factor 2.45. A further increase in etch rate by a factor 
of 10 (maximum observed) yields an e of 4.63%. Although this looks like a very large value 
for e, lengthening of inter-atomic bonds by this value is not extreme. In chemical reactions, 
for example, stretching of bonds by ~  5% is not uncommon [107-109]. From this strain, the 
maximum stress (am) at the etch front is calculated to be 5.6 GPa via a m =  e E .
As shown in figure 6.5, the force that the weight exerts on the AlAs release layer can be 
projected on a small area near the etch front, given by the sample width (b) times a certain 
depth (t*). This force depth t* on which the force due to the applied weight actually works can 
be estimated using the relation, described in equation 6 .8 , combined with results obtained in 
chapter 4 [66]. In order to calculate the distance t* from P to the etch front, the force applied 
by the weight on the foil, given by m  ■ g is projected as a force F  *, acting on the area (A) 
limited by b and t*, using a line through point P as the axis of rotation (see insert in figure
6.5). In this situation the moments M  and M  * of F  and F  *, respectively, with respect to P  
should be equal. The distance between the weight and point P is given by t, so this moment is 
described by M  =  F  ■ t  =  m gt.  F  * is calculated from F  * =  aA ,  resulting in: 
í *
F * =  ƒ a mb— d x , (6.11)
x=0
with x  the distance from point P  towards the etch front. The moment is then given by:
í *
M* =  J  amb—xdx =  . (6.12)
x=0
By equating both moments, t* is calculated to be:
t* = (6.13)
a mb
For realistic values of these parameters, like m  =  5g, t  =  2 cm and b =  15 mm, as used in 
chapter 4 [66], the distance t* is estimated to be 6 ^ m. This indicates that all forces, exerted by 
the weight on the foil, are projected on an area that is only a few microns deep. The value of am 
is calculated from an extrapolation of the measured data, shown in figure 6.3. The experiments 
with the multi-release layers already showed a difference in etch rate between the extrapolated 
value and the actually measured value by a factor of ~  2.5. For the multi-release layer setup, 
a predicted etch rate of 0.366 m m /hr finally resulted in an actual etch rate of 0.134 mm/hr, 
the difference is attributed to both measurement errors and to hampering of the etch process 
through a narrow etch crevice. This indicates that the actual a m during the WI-ELO process 
might be as much as 2.5 times larger than the one used in these calculations. In that case, the 
value of t* would be given by 4 ^ m.
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6.4 C onclusions
In the WI-ELO etch process the lateral etch rate that is obtained when etching AlAs with HF 
solution through a narrow crevice is much larger than the etch rate, obtained in etching planar 
AlAs layers without any obstructions. In previous work (see chapter 4) it was suggested that 
this effect might be due to applied stress to the AlAs layers. In the present work, it has been 
investigated whether or not the etch rate is influenced by strain differences in AlAs epitaxial 
films. AlAs layers on GaAs are already under compressive strain due to a lattice mismatch. 
Bending a thinned GaAs substrate with an AlAs epilayer can induce a controlled reduction of 
this compressive strain. For applied bending radii between infinite and 148 mm, no change in 
etch rate was observed, because the applied bending is smaller than the intrinsic bending of the 
wafer due to the lattice mismatch. Further bending with radii of curvature from 148 mm down 
to 79 mm induces a change of the strain at the surface of the AlAs film ranging from -0.126 % 
up to -0.11 %. Under these conditions a positive influence on the etch rate was found, which 
can be described by: Ve =  0.15 +  75.5e with Ve the etch rate in mm/hr. Based on this relation 
an etch rate of 0.366 m m /hr is expected for AlAs layers under tensile strain in the cross-section 
of multi-release layer samples. Experimentally, however, an etch rate of only 0.134 m m /hr was 
found for these AlAs layers. The difference could be due to the hampering of a free exchange 
of etchant and reaction products. However, it should be noted that the etch rate for layers 
under tensile strain is significantly higher than that for compressively strained layers (factor
2.5). Based on the positive correlation found between strain and etch rate in the etching of 
planar AlAs layers and the difference between the etch rate for layers under compressive and 
tensile strain, it becomes plausible to assume that a positive difference in the strain in the AlAs 
layer can result in a significant increase in the etch rate.
By combining the results from chapter 4 [66] with the present results, it became feasible to 
obtain a better microscopic picture of the etch front. In chapter 4, the increase in etch rate, 
related to an applied radius of curvature, was already revealed. The present work revealed 
the relation between a positive change in strain and the increase in etch rate. By combining 
these two results the magnitude of the stressed region in the AlAs layer could be estimated. It 
was found that all forces, originating from the weight that induces the radius of curvature, are 
projected on an area, limited by the sample width and a depth of approximately 4 to 6 ^ m.
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C hapter 7 
C h e m i s t r y  o f  t h e  E L O  p r o c e s s 1
A b stract
IN a theory, proposed for the epitaxial lift-off process, it was assumed that in etching AlAs with aqueous HF solution, three moles of H2 gas are formed for each mole of AlAs dissolved. In order 
to verify this assumption the reaction mechanism and stoichiometry were investigated in the present 
work. The solid, solution and gaseous reaction products of the etch process have been examined with a 
number of techniques. It was found that aluminium fluoride is formed, both in solid form as well as in 
solution. Furthermore, instead of H2 arsine (AsH3) is formed in the etch process. Some oxygen-related 
arsenic fragments like AsO+, AsOH+ and AsO+ have also been detected with gas chromatography /  
mass spectroscopy. The presence of oxygen in the etching environment accelerates the etching process, 
while a total absence of oxygen resulted in the process coming to a premature halt. It is argued that, 
in the absence of oxygen, the etching surface is stabilized, possibly by the sparingly soluble AlF3 or 
by solid arsenic.
1The work presented in this chapter is based on 'E tch ing  A lA s  w ith  H F  fo r  ep itaxia l lif t-o ff app lica tions ' by 
M.M.A.J. Voncken, J.J. Schermer, A .T.J. van Niftrik, G.J. Bauhuis, P. Mulder, P.K. Larsen, T.P.J. Peters, B. 
de Bruin, A. Klaassen, and J.J. Kelly, The Journal of the Electrochemical Society, 151, G347, (2004).
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7.1 Introduction
The epitaxial lift-off (ELO) process allows the production of single-crystalline thin films of 
III/V  materials. The technique is interesting for the optoelectronics industry, because use of 
thin-film devices results in a more efficient transfer of generated heat from device to carrier or 
heat sink and significantly reduces the amount of material needed by reuse of the substrates. 
Furthermore, ELO allows the integration of III/V  based components with e.g. silicon-based 
devices [56].
In a model to describe the ELO process, Yablonovitch et al. [19] assumed that in etching 
AlAs release layers with aqueous HF solution each mole of AlAs forms 3 moles of H2 gas and 
that the out-diffusion of this H2 gas through the etch crevice is the limiting factor for the lateral 
etch rate. Furthermore it was assumed that the released layers curl up, thereby opening the 
etch crevice, so that etchant and reaction products can be exchanged more easily. By assuming 
the rate of diffusion of H2 out of the etch slit to be equal to the rate of production at the etch 
front, and by inserting a temperature dependence for the diffusion coefficient [64] the maximum 
attainable etch rate was predicted to be:
=  ° .23 2551/T (7 1)
Ve’max =  V R h  e ( )
with Ve,max in mm/hr, R  the radius of curvature of the curled-up layers and h the release layer 
thickness, both in mm and T  the temperature in K [52,66]. By application of a weight-induced 
epitaxial lift-off process (WI-ELO) [52,66], the relation between Ve and the relevant process 
parameters, according to equation 7.1, has been investigated. As far as the dependence of Ve on 
h and T  is concerned, good qualitative agreement between theory and experiment was found, 
but a qualitative discrepancy was encountered for the relation between Ve and R. Furthermore, 
the lateral etch rate, as predicted by the model, showed a very large quantitative discrepancy 
with experiments. For a radius of curvature of 50 mm and a release layer thickness of 5nm the 
model predicts a maximum attainable etch rate of approximately 3 ^ m /hr at room temperature, 
while the experiments show values around 3 m m /hr [66]. From this it was concluded that the 
diffusion of hydrogen gas out of the etch crevice is not the limiting factor in the process, or that 
hydrogen may not even be a reaction product [52,66]. This shows that for a correct description 
of the ELO process information about the actual etching reaction of AlAs with HF is essential.
The present study aims to clarify this reaction. For this purpose, layers of AlAs were etched 
with aqueous HF solution. The solid, aqueous and gaseous reaction products were examined 
with a number of techniques. In previous WI-ELO experiments it was found that oxygen has 
an influence on the etch rate. For this reason the effect of ambient oxygen on the etch process 
has also been investigated.
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7.2 E xperim ental
All samples used were grown on 2-inch undoped GaAs wafers with crystal orientation (100),
2 degrees off towards <110> using low-pressure metal organic vapour phase epitaxy (MOVPE) 
in an Aixtron 200 reactor. Source materials were trimethyl-gallium and trimethyl-aluminium 
for the group-III and arsine for the group-V elements. Disilane was used as the precursor of 
the n-type dopant silicon. The sample for the solid and aqueous reaction products analysis 
consisted of a layer of n-type AlAs of 50 ß m  thickness, capped with a 0.3 ß m  undoped GaAs 
layer. This cap layer was applied to prevent premature oxidation of the AlAs by oxygen in the 
air. The samples used for studying the gaseous reaction products and the influence of oxygen in 
the environment on the etch rate had a similar structure but an AlAs layer of 5 ß m thickness.
The sample for the analyses of the solid and aqueous reaction products was broken into 
smaller pieces, which were placed in an airtight stainless steel container, together with two 
stainless steel balls. This container was mounted in a shaker machine (Retsch MM200) and, 
after 3 minutes of milling at a frequency of 30 Hz, the wafer was ground up finely enough for 
further processing. The AlAs/GaAs powder mixture was transferred to a glass vessel and a 
stirring magnet was added. The vessel was closed with a rubber septum to prevent escape of 
any poisonous gas, which could be produced during the etch process. Two ml of an aqueous 
12 % HF solution was added to the glass vessel with a syringe through the septum. This amount 
of HF ensures that 4 moles of HF are present for each mole of AlAs in the powder. Therefore, 
all the AlAs could react with the HF while leaving only a small amount of HF, so that the 
glass of the vessel would hardly be etched. Note that, compared to AlAs, the etch rate of GaAs 
in aqueous HF solution is 106 times lower [68]. After the reaction was complete (1.5hours, as 
found in explorative experiments), the slurry, containing the fluid together with part of the fine 
solid remains of the wafer and some solid reaction products, was extracted and transferred to 
another glass vessel. This vessel was placed in a centrifuge for 5 minutes at 7000 rpm to separate 
the different fractions in the slurry. After the separation process, solid debris from the wafer, 
a white powder, a clear solution and, floating on this solution, a thin film with a metal-like 
appearance were found from bottom to top of the vessel. The solution was examined using both 
aluminium nuclear magnetic resonance (NMR) (Bruker Avance DRX500) and fluorine NMR 
(Bruker Avance DMX300) analyses. The NMR setups were calibrated with an [Al(H2O)6]3+ 
solution and with trifluoro-acetic acid, respectively. The white powder and the metal-like film 
were taken from the vessel to be examined with scanning electron microscopy, combined with 
energy dispersive spectroscopy (SEM-EDS). Additionally, an X-ray powder diffraction spectrum 
was obtained from the white powder, using a Philips PW1820 automatic powder diffractometer.
For the gas-chromatography measurements, half a wafer with a 5 ßm thick AlAs layer was 
milled for 3 minutes at 30 Hz and etched with 2.5 ml of an aqueous 0.5% HF solution in a 
closed vessel. This ensures that a sufficient amount of HF is present to etch all AlAs. After 
the reaction was complete, a 10 ß l sample from the gas phase above the solution was extracted
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Table 7.1: Conditions applied during preparation and etching of the samples used in the gas compo­
sition experiments.
Sample Grinding atmosphere Etching atmosphere HF solution
1 N2 N2 Kept under air
2 Air O2 Kept under air
3 N2 N2 N2 bubbling
through the septum using a syringe and fed into both a gas chromatograph /  mass spectrometer 
(GC/MS, Interscience Polaris Q with a 30m Rtx-1 column) and a gas chromatograph with a 
flame ionisation detector (GC/FID, Hewlett Packard HP6890 Plus with a 30m HP-1 column). 
The latter gives flame conductivity as a function of the retention time. To test whether or not 
AsH3 is formed in the reaction, a sample of arsine gas, taken directly from the gas system of 
the MOVPE reactor, was also fed into both the GCs for comparison of the signals. To test 
whether or not hydrogen is formed during the etch process, a sample from the reaction gas and 
a hydrogen calibration sample were fed into a gas chromatograph with a thermal conductivity 
detector (GC/TCD, Hewlett Packard HP 5890A with a Porapack Q (80-100 mesh, Supelco) 
column), which is particularly suited for the detection of hydrogen gas.
In a final series of experiments, the gas composition in the glass vessel was varied to find out 
whether or not the oxygen of the ambient atmosphere plays an active role in the etch process 
of AlAs with HF. For this purpose, three samples, each consisting of half a wafer with 5 ßm of 
AlAs, were processed. The first and third samples were ground and etched under pure nitrogen 
to prevent oxidation of the AlAs, while the second sample was processed in air and etched in 
a pure oxygen atmosphere. A syringe was used to apply 2.5 ml aqueous 0.5% HF solution to 
samples 1 and 2 through the septum, thereby preserving the atmosphere in the vessel. The 
third sample was etched with an HF solution that was placed in a nitrogen environment and 
through which nitrogen gas was bubbled for an hour. In this procedure, almost all oxygen 
was removed from the solution and hardly any residual oxygen was expected to be present 
during the etching process. A titration measurement afterwards confirmed that the nitrogen 
bubbling procedure had not changed the concentration of the HF solution. For an overview of 
the samples and the processing conditions, see Table 7.1.
For each of the three samples, 10 ß l gas samples were taken from the vessel in which the 
AlAs and HF were reacting, every 10 to 15 minutes during the first hour, and subsequently 
every 30 to 60 minutes, and fed into both the GC/MS and the GC/FID.
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7.3 R esu lts and discussion
7.3.1 Solid reaction products — SEM -ED S and powder diffraction
The SEM-EDS measurements revealed the presence of aluminium and fluorine in the white 
powder (see figure 7.1a). Oxygen could not be detected with this particular SEM-EDS setup; it 
is therefore not possible to decide whether the powder consists of aluminium fluoride, aluminium 
oxide, or an oxyfluoride. The thin film contained gallium and arsenic (see figure 7.1b). This is 
probably some very fine GaAs powder, which, due to surface tension, floated on the solution 
and thereby formed a film with a metal-like appearance.
X-ray powder diffraction analysis of the white powder (see figure 7.2) revealed two different 
crystal forms of the compound AlF3 • 3 H2O (rosenbergite and aluminium fluoride hydrate) and 
some remnants of the milled GaAs substrate were also detected. It can therefore be concluded 
that aluminium fluoride is the only solid reaction product.
7.3.2 A queous reaction products — alum inium  and fluorine N M R
The result of the Al-NMR measurement is given in figure 7.3. A sharp peak around 0ppm, 
identical to the reference signal from the reference measurement is attributed to [Al(H2O)6]3+ 
[110], the underlying wide band with a FWHM of ~  650Hz to either an [AlFn(H2O)6-n](3-n)+ 
with n  =  0 ... 3 or an [Al2(OH)2(H2O)n]4+ with n  =  0. . .4  compound [111]. Comparing the 
tabulated data for the latter two compounds, we conclude that the chemical shift (+ 2  to 
+  15 ppm for the fluoride and +3 ppm for the hydroxide) cannot be used to distinguish between 
the two. The tabulated line widths (550 Hz for the fluoride and 450 Hz for the hydroxide) 
indicate a better match of the fluoride with the measurements. Additionally, since the formation 
of a hydroxide compound in a strongly acidic environment (pH < 2) is rather unlikely [112], it 
can be deduced that the fluoride compound is the reaction product measured. Further evidence 
for this was found in the fluorine-NMR measurement (see figure 7.4). Several peaks are detected 
and the peak at -79.6 ppm is attributed to an AlF2+ compound [113]. From these results it is 
concluded that during HF etching of AlAs, solid aluminium fluoride hydrate (AlF3 • 3 H2O) and 
dissolved aluminium fluoride compounds ([AlFn(H2O)6-n](3-n)+ with n  =  0. ..3 ) are produced.
7.3.3 G aseous reaction products — gas chrom atography
The GC/MS measurements yield a three-dimensional diagram showing retention time versus 
mass number versus intensity (counts). In a two-dimensional projection, as given in figure 7.5, 
the intensities for all mass numbers are added. The reaction gas signal appears to lie between
1 minute, 38 seconds and 4 minutes. It is clearly visible that no separation between the various 
components of the injected gas occurs. The determination of the different reaction gas species 






Figure 7.1: SEM-EDS spectrum of the white powder (a) and of the metal-like film that is floating on 
the solution (b). The signals for copper (Cu) and zinc (Zn) originate from the holders on 
which the powder and film were placed. The signals indicated with molybdenum (Mo) and 
lead (Pb) are measurement errors, because no molybdenum or lead is present. From (a) the 
signals of aluminium and fluorine are detected, as well as some faint signal from gallium, 
originating from small remnants of the milled substrate. In (b) the signals of gallium and 
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Figure 7.2: X-ray powder diffraction spectrum of the white compound. The peaks labelled with a 
square (■) are attributed to rosenbergite, the peaks labelled with a diamond (♦) to alu­
minium fluoride hydrate and the peaks labelled with a circle (•) to gallium arsenide. Other 
peaks that are not labelled originate from substances formed e.g. in the HF etching of the 
glass.
■ Rosenbergite
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• Gallium arsenide
------- 1--------1--------1------
► ♦ ♦ ♦ ♦  ♦♦ 4» ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦  ♦♦♦ ♦♦♦ ♦ 4»
• • • • I  • • •  •
“ 1--------1--------1--------1------- 1--------1--------1------- 1--------1--------1--------1------- 1--------1--------1-------
95
[Al(H2O)6l3+
Frequency shift [MHz! [nnmi 
130 [MHz] [PP !
Figure 7.3: Aluminium NMR on the reaction products in solution. The measurement was performed 
at a frequency of 130MHz. The sharp peak is attributed to [Al(H2O)6]3+, the wide peak 
with a FWHM of ~  650Hz is attributed to an [AlFn(H2O)6_n](3_n)+ with n  = 1...3 
compound. In addition an additional wide peak, attributed to background signals, was 
found left from the peaks shown.
injection of the reaction gas and after the reaction gas has passed the chromatography column 
is subtracted from the reaction gas signal in order to eliminate all possible background signals. 
Furthermore, only the signal collected between 2 and 2.5 minutes retention time is used, in 
order to obtain measurements that are as reproducible as possible. The mass spectrum for 
this time frame is given in figure 7.6a. Mass numbers below 35 are omitted, because some 
of the main peaks in this region (nitrogen, oxygen and water) are so strong that they render 
the peaks of several of the reaction products virtually indistinguishable on the same scale. 
Figure 7.6b shows a spectrum for arsine gas, diluted in nitrogen, taken from the gas system 
of the MOVPE reactor. Arsine has a mass number of 78; the peaks at 79, 77, 76 and 75 
are attributed to several ionised forms of AsH3 (AsH+, AsH+, AsH+ and As+ respectively), 
which are easily formed in the mass spectrometer. The peaks around 150 and around 225 are 
attributed to arsenic dimers and trimers. A comparison of figures 7.6a and 7.6b shows that the 
arsine signature from figure 7.6b is predominantly present in figure 7.6a, indicating that arsine 
gas is a major reaction product in the reaction of AlAs with an aqueous HF solution. Other 
reaction products with mass numbers of 91, 92 and 107 can be coupled to the oxygen-related 
arsenic species AsO+, AsOH+ and AsO+, respectively. These species are most likely formed by 
ionisation in the GC/MS of a single compound, possibly As2O3. This assumption is supported 
by the results from the GC/FID as shown in figure 7.7a, which show one peak for arsine (at 2 
minutes, 6 seconds) and one peak for the whole range of oxygen-related arsenic compounds (at
2 minutes, 9.6 seconds). For arsine, this is also the case, since the GC/MS shows peaks at 75
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Figure 7.4: Fluorine NMR on the reaction products in solution. The measurement was performed at 
a frequency of 282 MHz. The peak at -79.6 ppm is attributed to an AlF2+ compound. 
Independent measurements on an aqueous HF solution and on NaF in water confirmed 
that the strong peak at -53.0 ppm stems from the F_ ion, while the peak at -80.3 ppm 




Figure 7.5: Retention time versus total intensity for a GC/MS measurement. It is shown that the 
typical retention time for the gaseous reaction products is between 1 minute, 38 seconds 








Figure 7.6: Mass spectrum for the gaseous reaction products (a) and for arsine (b). Values below mass 
35 have been omitted. For mass values of 101 to 200, the intensity has been multiplied by 
20, for mass values of 201 and higher, the intensity has been multiplied by 200.
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to 79, 150 to 153 and at 225 to 229, whereas the GC/FID only shows one peak at 2 minutes, 
6 seconds (see figure 7.7b).
Injection of the reaction gas and a calibration sample into the GC/TCD, suited for hydrogen 
detection, showed an H2 concentration of 0.053% in a 55 ml vessel, resulting in a total amount 
of 1.19 ^ mole. Because 170 ^mole AlAs was dissolved in the vessel, this would mean that each 
mole of AlAs yielded only 0.007mole of hydrogen gas. From this it can be concluded that, 
contrary to previous assumptions [19], H2 is not a major reaction product in the etch process 
of AlAs with HF. Diffusion of hydrogen out of the etch crevice therefore cannot be the limiting 
factor for lateral etching in the ELO process. The hydrogen detected is either the background 
concentration or it is formed as a secondary reaction product e.g. by partial decomposition of 
AsH3 to solid arsenic and hydrogen gas.
7.3.4 Influence of oxygen on the etch  process
The influence of oxygen on the reaction was found by examining the total intensity of arsine 
(75 to 79, 150 to 153 and 225 to 229 added) and of the oxygen-related arsenic compounds 
(91, 92 and 107 added) over time. In figure 7.8, the summation of these mass-spectrometer 
intensities versus time are given for samples 1 to 3. Note that the vertical axis in figure 7.8 has a 
logarithmic scale. Comparison of the increase in AsH3 intensity over time for the three samples 
shows that sample 1 and sample 2 reach the same final intensity. In the etching of sample
1 , however, more time is needed to reach this final intensity, indicating that the presence of 
oxygen enhances the reaction rate. From the fact that the arsine intensity of sample 1 reaches 
the same final level as that of sample 2, it can be concluded that oxygen in the HF solution 
(about 1 mole of oxygen for every 50 moles of AlAs) acts catalytically, or that it reacts in very 
small quantities. Sample 3, which was etched with HF solution purged of dissolved oxygen, 
shows a very fast increase up to its maximum arsine intensity, but this maximum intensity is 
significantly lower than that of the other two samples. This indicates that the etching process 
was blocked before all AlAs was etched.
Comparison of the intensity increase with time for the oxygen-related arsenic compounds 
shows a clear difference between sample 2 and the other two samples. If oxygen is present 
in excess, these compounds are formed in much larger quantities than when very little or no 
oxygen is present. The formation of the oxygen-related arsenic compounds reaches the lowest 
level if the sample is etched with an oxygen-free HF solution (sample 3). The fact that an 
oxygen-containing species is still formed, although no oxygen whatsoever should be present, 
can be explained by possible small leaks in the rubber septum, resulting in very small amounts 
of oxygen diffusing into the vessel, and by the fact that it is not possible to remove all oxygen 
from the HF solution, simply by bubbling nitrogen gas through it. The lower intensity of the 
oxygen-related arsenic compounds in the case of sample 3 compared to sample 1 may partly 




Figure 7.7: GC/FID intensity versus retention time for reaction gas (a), showing two peaks at 2 
minutes, 6 seconds and at 2 minutes, 9.6 seconds and for arsine (b), showing only one 





Figure 7.8: Time dependence of the GC/MS sum intensity for arsine (mass numbers 75 to 79, 150 to 
153 and 225 to 229) and the oxygen-related arsenic compounds (mass numbers 91, 92 and 
107). Samples 1 and 3 were milled and etched in a nitrogen environment (the etchant for 
sample 3 was de-aerated), sample 2 was milled in air and etched in an oxygen environment.
formed. Another effect that, in the case of sample 3, probably not all AlAs was etched in the 
reaction, as was observed in the intensity plots for arsine. As a result, less arsenic is freed and 
less of the compounds can be formed.
For all experiments, except that of sample 3, GC/FID measurements show two peaks at 
retention times of 2 minutes, 6 seconds and at 2 minutes, 9.6 seconds, respectively, as shown in 
figure 7.7a. For the gas retrieved from the etching of sample 3, only one peak at retention time
2 minutes, 6 seconds is observed. Injection of pure arsine from the gas system of the MOVPE 
reactor also resulted in one peak at 2 minutes, 6 seconds (see figure 7.7b). From these results 
it can be concluded that arsine is formed in all cases. For samples 1 and 2, processed with 
a significant amount of oxygen, the formation of one other component is detected. This is 
most likely the set of oxygen-related arsenic components with mass numbers 91, 92 and 107. 
For sample 3 the concentration of oxygen-related arsenic species, which accordingly to GC/MS 
measurements is half of that obtained by sample 1 , is obviously below the detection limit of 
the GC/FID equipment.
7.4 R eaction  m echanism  and sto ich iom etry
From the investigation of solid reaction products and the reaction products in solution it can 
be concluded that [Al(H2O)6]3+ and aluminium fluoride compounds [AlFn(H2O)6- n](3-n)+ with
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n  =  1.. .3 are formed. Judging from the formation of AlF3 • 3 H2O powder, present in the 
vessel, we must conclude that the fluorine compound does not have a high solubility in water 
or in an aqueous HF solution.
The analysis of the gaseous reaction products clearly shows the formation of arsine (AsH3) 
gas. A number of oxygen-related arsenic compounds, such as AsO+, AsOH+ and AsO+, are also 
detected at low concentration with the GC/MS, if oxygen is not excluded during the preparation 
of the samples. From the analysis of gaseous reaction products, formed in the etching process 
under different atmospheres, it can be concluded that: 1 ) no hydrogen is formed in etching 
AlAs with HF and 2) the presence of oxygen is necessary for completing and maintaining the 
reaction.
Etching of AlAs in HF solution with the formation of AsH3 seems similar to the etch­
ing of InP in concentrated HCl solution [115]. In the latter case chemical attack by 
undissociated HCl on InP surface bonds gives rise to the formation of PH3 and InCl3: 
InP +  3 HCl ^  InCl3 +  PH3. The InCl3 is subsequently hydrated.
In principle, etching of AlAs in the present work could be due to either the undissociated acid 
(HF or H F-) or the dissociated species (H+ and F-  ions). In order to check these possibilities, 
AlAs etch experiments were performed in both concentrated HCl solution (with a high content 
of undissociated acid [115]) and in 10% HCl solution (which only contains H+ and Cl-  ions). 
In both cases fast etching of AlAs was observed with the formation of considerable amounts of 
arsine. This result suggests that dissociated HF should be capable of dissolving AlAs.
Because of the difference in electronegativity of Al and As, the Al-As surface bond is ex­
pected to be polarized. Proton attack on the ‘negatively charged’ As leads to the rupture of 
the Al-As bond and the formation of a new As-H bond (step 1 of figure 7.9a). At the same 
time, the positively charged Al can be complexed by either F- (step 2) or H2O (step 3). If the 
remaining back bonds to As and Al react in the same way as in steps 1 to 3, then AsH3 and 
either AlF3 or Al(H2O)n+ will be formed. Alternating attack on a surface Al atom by F -  and 
H2O will give rise to a mixed fluoro-aqua complex [AlFn(H2O)(6-n)](3-n)+, with n  =  1. ..3 .
In principle, attack on a surface Al-As bond by the undissociated acid, as occurs for InP in 
HCl, is also possible (see figure 7.9b). The result will be the same as for step 2 of figure 7.9a. 
Subsequent reactions with F -  or HF and/or H2O will lead to the same products.
The results of the present work clearly show that the AlF3 product is only sparingly soluble. 
The formation of an insoluble trifluoride (which may be in the hydrated form (see the NMR 
results)) can explain the passivation, which is observed in this system. The fact that passivation 
does not occur if AlAs is etched with HCl resulting in AsH3 and AlCl3 shows that arsenic 
hydride is unlikely to be responsible for the termination of etching. Also the AlCl3 formed in 
this case will rapidly hydrate and dissolve (similar to HCl etching of InP). From the results 
obtained in aerated and de-aerated solutions it is clear that oxygen plays a role in the surface 
chemistry. Direct oxidation of AlAs by oxygen can occur to a limited extent (this would explain 
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Figure 7.9: a) Reaction mechanism for the etching of AlAs with dissociated HF. b) Idem for undisso­
ciated HF.
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adsorbed oxygen is expected to influence the etching steps, as shown in figure 7.9. The results 
suggest that passive film (AlF3) formation is hindered; why this is so is not clear to us at 
present.
Another possible explanation for the observed passivation might be the formation of solid 
arsenic at the surface. The oxygen, which is present in the solution, might oxidize the arsenic 
to form As2O3 as detected in the GC/MS and thus prevent passivation and maintain the etch 
process.
7.5 C onclusions
In previous reports on the epitaxial lift-off process it was assumed that in etching AlAs with HF 
solution three moles of hydrogen are formed for each mole of AlAs. In the present study, this has 
been investigated by a structural analysis of all reaction products: solid, in solution and gaseous. 
SEM-EDS and X-ray diffraction measurements show that a white powder, formed during the 
etching, is an aluminium fluoride compound. Aluminium and fluorine NMR experiments on the 
solution showed the presence of the aluminium species [AlFn(H2O)6-n](3-n)+, with n  =  1. ..3  
and [Al(H2O)6]3+. Gas chromatography measurements with GC/MS and with GC/FID show 
the formation of arsine and oxygen-related arsenic fragments like AsO+, AsOH+ and AsO+. 
The latter compounds are possibly formed when a single compound like As2O3 decomposes in 
the GC/MS, an assumption that is supported by the fact that the GC/FID shows only one 
peak for these fragments. The GC/TCD experiments refute the assumption that hydrogen gas 
is formed in the etch process. Consequently, the out-diffusion of hydrogen through the narrow 
etch slit cannot be the limiting step in the lateral etch rate of the epitaxial lift-off process.
Oxygen is shown to play a significant role in the ELO etch process. During an in-situ  
measurement in an aerated solution it is found that the amount of arsine gas increases faster 
to its maximum if a sample is etched in an oxygen atmosphere. If the process is performed in 
a nitrogen atmosphere, the same maximum value is reached, but the time needed to reach this 
value is considerably longer. If, in addition, the oxygen dissolved in the HF solution is first 
removed, the arsine concentration reaches its maximum considerably faster, but this maximum 
value is much lower than that found in the presence of oxygen.
From experiments in which AlAs was etched with both concentrated and diluted (10 %) HCl, 
it was found that the dissociated acid is capable of dissolving AlAs. The mechanism describing 
the etching of AlAs with aqueous HF solution is therefore similar. In a first step, proton attack 
on the As leads to a rupture of the As-Al bond and an As-H bond is formed. The positively 
charged Al is at the same time complexed by either F -  or H2O. The remaining Al and As 
back bonds may react in a similar way to form AlF3 or [Al(H2O)n]3+ compounds. Alternating 
attacks on a surface Al atom by F -  and H2O will give rise to a mixed fluoro-aqua complex 
[AlFn(H2O)(6-n)](3-n)+, with n  =  1. ..3 . Etching of AlAs by undissociated HF is in principle 
also possible. The reaction mechanism is then similar to the etching of InP in concentrated
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HCl and the process yields the same reaction products as for etching of AlAs in a dissociated 
HF solution.
The AlF3 compound that is formed in the reaction is shown to be sparingly soluble in 
water. The formation of this compound at the surface can therefore explain the passivation, as 
observed in this process. Another possible passivating agent is solid arsenic at the surface. The 
oxygen in the solution might oxidize the arsenic to form As2O3 as is detected in the GC/MS 
and thus prevent passivation.
The model, as described above, is confirmed by examination of the ELO process in its normal 
implementation. In that case, the release layer is extremely thin (~  5nm), so that blocking 
of the AlAs surface plays an extremely important role. In experiments, it was found that this 
process comes to a premature halt when absolutely no oxygen is present during etching. With 
oxygen present, the process continues and the III/V  films are freed from their substrate.
It should be clear that an understanding of the epitaxial lift-off process requires more than 
knowledge of the reaction mechanism and stoichiometry. Interesting points for further inves­
tigation are the removal of the solid and gaseous reaction products and the description of the 
mechanism describing the role of oxygen in the etching process.
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C hapter 8 
T h i n - f i l m  s o l a r  c e l l s 1
A b stract
T HIN film GaAs solar cells, separated from their substrate using the weight-induced epitaxial lift-off technique, were compared with conventional cells on a substrate. The thin film cells can 
be illuminated from both sides using a mirror. The thickness of the p-type GaAs layer, which is the 
base layer for front illumination and the emitter layer for rear illumination, was varied between 0.25 
and 2.5 fim. For both front and rear illumination, the cell efficiency shows a maximum at a thickness 
of 1.5 im . The cell current is only 10% lower for back side illumination, compared to illumination 
from the front. Light reflection in the thin film cell enhances the external quantum efficiency and 
the collection efficiency in the higher wavelength region from 0.84 to 0.90 and from 0.82 to 0.95, 
respectively.
1The work presented in this chapter is based on 1 T h in  film  G aA s solar cells w ith  increased quan tum  efficiency  
due to light re flec tio n ' by G.J. Bauhuis, J.J . Schermer, P. Mulder, M.M.A.J. Voncken, and P.K. Larsen, Solar 
Energy Materials and Solar Cells 83, 81, (2004).
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8.1 Introduction
Thin film III/V  solar cells offer a number of very interesting advantages compared to cells 
on a substrate. They can be mounted on any flat or curved carrier material, e.g. a glass 
substrate or superstrate or alternatively a metal foil, which serves as a back contact. There 
are no limitations with respect to the structure of the carrier. It can be a low weight material 
for space applications, an excellent heat conductor for concentrator applications, or any type 
of low bandgap solar cell to create a mechanically stacked multi-junction cell.
The simplest method to obtain a thin film solar cell is by mechanical or chemical thinning 
of the substrate. Another technique suitable for III/V  materials is epitaxial lift-off (ELO), 
in which the cell structure is separated from the substrate by selective wet etching of a thin 
intermediate release layer. This leaves the expensive GaAs substrate completely intact, offering 
the possibility of substrate reuse for the repeated growth of thin film solar cell structures. The 
original ELO method proposed in 1987 [19] has a number of serious drawbacks: it is time 
consuming because of a low lateral etch rate and the area of the released thin films is limited 
to a few mm2. The method is therefore unsuitable for large area devices such as solar cells.
The weight-induced ELO (WI-ELO) procedure, as developed in our laboratory, does not 
show any of these problems. The application of a plastic support foil combined with a variable 
weight and the further optimisation of process temperature, release layer thickness and carrier 
concentration resulted in the release of large area films at high etch rates [52,66,91]. In the past 
years, the WI-ELO process has been steadily improved until we reached the point where it is 
possible to obtain a crack free thin film with an area of a few cm2 on a plastic foil in less than 
an hour. After the WI-ELO procedure the thin film is ready to be mounted onto the desired 
support material.
A thin film solar cell contains only the basic layers which are necessary for the conversion 
of light into electricity: a pn-junction stacked between two highly transparent wide bandgap 
layers to prevent surface recombination (window layer and back surface field) and furthermore 
heavily doped contact layers on both sides. The absence of a substrate offers a higher versatility 
in cell design compared to conventional III/V  cells. The rear side of the cell can be open to 
air or coated with a reflector to increase the overall absorption. Thinner cells are needed in 
this case, which improves the radiation hardness for space cell applications. Illuminating the 
thin film cell from the front as well as the rear side using a mirror is another possibility. The 
thin film cell requires a contact grid with low cell coverage on both sides of the cell, this in 
contrast to the full area rear contacts commonly used for cells on a substrate. In the present 
study the performance of thin film GaAs solar cells is examined. To optimise the efficiency 
the thickness of the p-type GaAs layer was varied, resulting in thin film cell structures with 
thicknesses between 0.45 and 2.7^m.
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8.2 E xperim ental
The solar cells were grown by low-pressure metal organic vapour phase epitaxy (MOVPE) on 
GaAs 2-inch wafers with a (100) 2 ° off towards < 110 > orientation. Arsine and phosphine were 
used as group-V source gases, trimethyl-gallium, trimethyl-indium and trimethyl-aluminium as 
group-III precursors. For n- and p-type doping disilane and diethyl-zinc were used, respectively. 
The growth took place at a temperature of 650 °C and a pressure of 20mbar. An AlAs release 
layer with a thickness of 5 nm was grown first, followed by the solar cell layers in reversed order. 
The solar cell structure used in this work was designed as an n-on-p cell. This implies that the 
thickness and doping concentration of the InGaP window layer (0.03 ßm, n  =  2 • 1018 cm-3), 
n-type GaAs layer (0.1 ßm, n  = 1  • 1018 cm-3), p-type GaAs layer (thickness varied, p  =  
1 • 1017 cm-3) and InGaP back surface field (BSF) layer (0.07ßm, p  =  6 • 1017 cm-3) are optimal 
for front side illumination. The p-type GaAs layer thickness was varied between 0.25 and
2.5 ßm, leading to a total cell thickness in the range 0.45 - 2.7ßm, whereas a normal GaAs 
cell on a substrate has a thickness of around 4 ßm. For comparison a series of GaAs cells on 
a substrate were grown with varying p-GaAs layer thickness and a structure identical to that 
of the thin film cell described above apart from the fact that the layers were grown in regular 
instead of reversed order and no AlAs release layer was required. For convenience the different 
cell structures will be referred to as ‘thin film cells’ and ‘substrate cells’.
Before the WI-ELO process was performed, first the p-type Au/Zn/A u metal rear grid 
contact was deposited by vacuum evaporation and annealed at 450 °C to ensure low contact 
resistivity. After WI-ELO the thin film is available on a plastic support foil. The front side of 
the cell is processed by deposition of an n-type Pd/G e contact, which can be annealed at a low 
temperature of 175 °C [116], and a 58 nm ZnS (refractive index n  =  2.4) anti-reflection coating 
(ARC). Finally, an optically clear glue with a thickness of about 50ß m  and a refractive index 
of 1.56 was used to bond the thin film to the 200 ß m  thick glass plate (n =  1.52) at both sides 
of the cell (see figure 8.1). Both glass and glue are highly transparent in the wavelength region 
between 300 and 900 nm, which is the part of the solar spectrum of interest for GaAs. The rear 
contact grid is positioned entirely on the cell area as can be seen in figure 8.1. The contact grid 
on the front has a bond flap outside the cell area to allow an easy interconnection of the cells. 
The substrate cells are processed in the same manner as the front side of the thin film cell, i.e. 
with the bond flap of the contact grid outside the cell and covered with glass.
Because the aim of this work is to investigate the dependence of the cell efficiency on the 
p-type GaAs layer thickness, no special attention was paid to optimising the grid contact. The 
metal coverage used for back contact is close to 20 % of the 7 x 8 mm2 cell area and the thickness 
of the evaporated contacts is only 0.3 ßm.
The transmission of the thin film cells was measured in the wavelength range of 200 to 
1000 nm using a HP8453 UV/VIS spectrophotometer. I-V measurements were performed using 
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Figure 8.1: Side and rear view of the 7 x 8 mm2 GaAs solar cell. The actual cell is sandwiched between 
two glass plates and secured with transparent glue.
by passing xenon light through band pass interference filters with a FWHM of 10 nm, combined 
with tungsten-halogen light as bias illumination.
In a later stage, a larger thin film cell of 20 x 10mm2 was realized (see figure 2.5b). For 
this cell the front and rear contact grid coverage was improved and the metal contacts were 
thickened to about 3 ßm by electro-plating in order to enhance the fill factor.
8.3 R esu lts and discussion
Figure 8.2 shows the short circuit current density J sc as a function of the p-type GaAs layer 
thickness. The thin film cells are illuminated either from the front or the rear side. A maximum 
current density appears at a thickness of 1.5 ßm for both front and rear illumination of the thin 
film cell. Because all measured cells show an open circuit voltage Voc and fill factor (FF) in the 
range 0.97 — 1.00 V and 0.76 — 0.78, respectively, the solar cell efficiency is mainly determined by 
Jsc. The relatively low FF originates from the application of the thin (0.3 ßm) metal contacts, 
which cause a relatively high series resistance. As a comparison, the larger cells made in a later 
stage with an area of 20 x 10 mm2 and with 3 ßm thick metal contacts showed a FF of 0.84 and 
a V0c of 1.005 V.
Although the cell was designed for front illumination, J sc for rear illumination is only 
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Figure 8.2: Short circuit current Jsc versus p-GaAs layer thickness. Symbols represent substrate cell 
(□), thin film cell front (A) and rear (♦) illumination.
the rear side has no ARC and a significantly larger metallised area, because the bond flap is 
on the cell area (figure 8.1). To determine the effect of the two contact grid positions on Jsc, 
a number of substrate cells were processed with bond flap on and next to the cell area. A 
difference of 14 % relative in Jsc was found which agrees well with the difference in shadowed 
area. If the rear illuminated thin film Jsc is corrected for this shadow loss, the difference with 
the front illuminated cell decreases to 2.3mA/cm2. Taking the corrected rear illumination Jsc, 
the total current in one cell illuminated from both sides (e.g. with a mirror construction) can 
in theory be as high as 45mA/cm2.
Jsc increases monotonically with p-GaAs thickness for a substrate cell (see figure 8.2). This 
increase is almost flattened to a maximum level at a base thickness of 2.5 ßm. The highest thin 
film cell J sc for front illumination at 1.5 ßm, however, is above the value of the substrate cell 
at 2.5 ßm, demonstrating the extra capabilities of the thin film cell. A higher efficiency is thus 
obtained with a thinner cell. The efficiency and short circuit current at 2.5 ßm base thickness 
are almost identical for the thin film cell and the substrate cell. This proves that the WI-ELO 
process can be applied without influencing the electrical and optical properties of the III/V  cell 
structure.
A thin film GaAs cell with the rear surface glued on glass (with almost the same refractive 
index as the glue), shows a higher internal reflection of photons at the back interface compared 
to a substrate cell. The critical angle 9cr (indicated in figure 8.3) calculated from Snellius’ law
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Figure 8.3: Schematic drawing of reflections, absorption and transmission of photons in the solar cell 
for normal incidence and total reflection at the rear surface.
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for total reflection at the back surface is 27 ° for the glue /  BSF (InGaP, n  =  3.7) interface and 
79 ° for GaAs (n =  3.5) /  BSF. At normal incidence the reflection of light at the rear interface 
is 17% and 0.01 % for thin film and substrate cells, respectively. In the case of a thin film cell 
with open backside (no glass) 9cr is only 17 ° and the normal incidence reflection increases to 
33 % due to the even higher refractive index difference between the BSF and air. However, 
this configuration would also lead to a 33 % reflection for incoming photons in the backside 
illumination case.
The reflection of light will lead to a higher absorption efficiency, and thus a higher Jsc, 
especially for low-energy photons, which are absorbed deeper into the cell. The collection 
probability, which is the probability of a generated carrier at a certain distance from the surface 
to contribute to the cell current, decreases exponentially with the distance from the depletion 
region [72]. The absorption of reflected photons at the backside of the thin film cell therefore 
becomes more efficient if the base layer is thinner. In contrast, for the substrate cell without any 
significant rear reflection, a thick base layer is desired to absorb all photons. The decrease in 
collection probability at increasing base thickness is expressed in the flattening of the substrate 
cell curve in figure 8.2.
If only the discussed absorption and reflection effects are present, the thin film cell current 
is expected to exceed the substrate cell current at any thickness, because absorption of reflected 
light provides an addition to the substrate cell current. Figure 8.2 shows that this is not always 
the case. It is assumed that this deviation is induced by small cell-to-cell differences in the thin 
film cell processing which is still under development. External quantum efficiency (EQE) data 
for front illumination of cells with p-GaAs thicknesses of 1.5 and 2.5 ßm are shown in figure 8.4. 
At 1.5 ß m thickness the enhanced collection efficiency due to back side reflection in the thin 
film cell compared to the substrate cell is clearly visible. At 550 nm the EQE of the thin film 
starts to rise above the substrate cell EQE and this difference increases at higher wavelengths. 
At 2.5 ßm thickness the curves are close to each other, with the thin film cell EQE slightly 
lower over the whole wavelength range.
If the cell is illuminated from the rear side, the efficiency decrease at higher p-GaAs thickness 
is more drastic than for front illumination. For this p-on-n configuration, where the front 
illuminated base turns into the back illuminated emitter, the junction depth varies with p- 
GaAs layer thickness. Absorption of photons decreases exponentially with the distance from the 
surface while at the same time the collection probability for photons absorbed near the surface 
decreases with increasing p-GaAs layer thickness. For rear illumination these two effects result 
in a strong drop in J sc at base thicknesses above 2 ßm. This is illustrated by the EQE data 
in figure 8.5, which show a low blue response for the 2.5 ßm cell. At a low p-GaAs thickness 
of 0.25 ßm, a significant part of the longer wavelength photons are not absorbed in the cell, 
leading to a poor red response. At the intermediate thickness of 1.5 ß m an optimum is obtained, 
resulting in a relatively high EQE for short as well as long wavelength photons. It should be 






Figure 8.4: External quantum efficiency (EQE) of front illuminated thin film (A) and substrate (□) 
cell with p-GaAs layer thickness of (a) 1.5 ßm, and (b) 2.5 ßm.
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Figure 8.5: External quantum efficiency (EQE) of thin film cells with p-GaAs layer thicknesses of 
0.25ßm  (O), 1.5ßm  (A) and 2.5ßm  (♦), illuminated from the rear side.
the rear side.
In figure 8.6 the transmission of thin film cells with three different p-GaAs thicknesses 
is shown for the case of front side illumination. The thinnest cell starts to transmit at about 
500 nm, the cell with the highest Jsc at 700 nm and the thickest cell shows a limited transmission 
at wavelengths above 800 nm. This implicates that a further increase in base thickness will only 
slightly increase the cell current.
Assuming normal incidence, it is possible to model the transmission, reflection and ab­
sorption fractions of the device. Since the transmission T  is measured and the reflections R  
can be calculated, the absorption A  can be determined as a function of the wavelength via 
A  =  1 — T  — R. Using the internal quantum efficiency IQE, which is the fraction of photons 
that contribute to the cell current, and the absorption, which is the fraction of photons that 
generate an electron-hole pair, the collection efficiency (CE), i.e. the fraction of generated 
electron-hole pairs that contributes to the cell current, is defined by:
CE =  A  • (8.1)
in which IQE is given by
■QE = ( 1 _ R  R ---------- T ■ (8.2)
(1 Rfront)(1 Rglass front J
The symbols correspond to the drawing in figure 8.3. A layer-by-layer approach is used for 




Figure 8.6: Transmission of glass plate and front illuminated thin film cells sandwiched between glass 
plates.
reflections above 1 % and neglecting absorption in the window and BSF (this is allowed for 
wavelengths above 650 nm) as well as in the glue and glass, this leads to:
T  =  (1 — Rglass front)(1 — Rfront)(1  — A )(1  — Rback)(1  — Rglass rear) ■ (8.3)
From the refractive indices of air, glass and the InGaP BSF, three reflection coefficients can be 
calculated: Rback =  0-17 and Rglass front =  Rglass rear =  0-04. The transmission through a glass 
plate shown in figure 8.6 confirms that the reflection is about 8 % if light passes the air/glass 
interface twice. Rfront is a function of the wavelength [117]:
R =  r j  +  r j  +  2n r2 cos(2^  
front 1 +  2r j r 2 +  2riR 2 cos(2U) •
. , ni — no n2 — n i  , . 2nn id
with r 1 = ----------• r 2 = -----------• and u =  — -—  ,
ni +  no n2 +  ni A
where d represents the thickness of the ZnS ARC and n¡ the refractive indices of glass, ZnS and
InGaP for i =  0, 1 and 2, respectively.
Using equations 8.1 to 8.4, CE can be determined. The result is shown in figure 8.7 for the
1.5 and 2.5 ß m  p-GaAs thickness and front illumination. Clearly, the CE at longer wavelengths
is higher for the 1.5 ß m  cell as a result of the light reflection and subsequent absorption closer
to the pn-junction. This enhances the chance of long wavelength photons to contribute to
the cell current. The CE is low for wavelengths below 500 nm, which indicates that surface
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Figure 8.7: Collection efficiency of front illuminated thin film cells with base thicknesses of 1.5 ßm (A) 
and 2.5ßm  (♦).
valence band offset and an indirect bandgap, for instance AlInP instead of InGaP, is therefore 
likely to increase the collection efficiency in this region.
8.4 C onclusions
In this work thin film GaAs solar cells were compared to similar cell structures on a substrate. 
Apart from a small cell-to-cell variation originating from the not fully optimised processing of 
the thin film to a working device, no degradation was found for the thin film cell efficiency. 
In fact, the short circuit current density of the thin films was raised by reflection on the rear 
surface of the cell. This reflection offers non-absorbed photons a second chance to be absorbed 
close to the pn-junction and generate an electron-hole pair with a high collection probability. 
This results in a better red response. A lower cell thickness is required to optimally utilise this 
effect. A maximum current for a base layer thickness (p-GaAs) of 1.5 ß m  was found. This brings 
the total thin film cell thickness to 1.7 ßm compared to a thickness of 4 ßm for a substrate cell.
The optimal p-GaAs thickness for rear illumination is also 1.5 ßm. Surprisingly, the solar 
cell efficiency and short circuit current at this thickness is only 10 % lower (relative) if the cell 
area is corrected for difference in shadowing losses of the contact grids. This shows that the 
configuration of doping levels and thicknesses of the different layers is not very critical.
From the quantum efficiency data, the refractive indices of the materials used in the thin 
films cell and the transmission data, the collection efficiency of photon generated electron-hole 
pairs can be determined. The contribution of rear reflection enhances the collection efficiency 
for longer wavelengths of the thin film cell to above 95 %. For wavelengths below 450 nm the
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collection efficiency drops below 70 %, which implies that optimisation of the window layer is 
desired.
The presented results show that thin film III/V  cells, separated from the GaAs substrate by 
the WI-ELO technique, can have a higher efficiency and a reduced cell thickness compared to 
the traditional III/V  cells on a substrate. In addition, they can be illuminated simultaneously 
from front and backside to enhance the total power generated by a single cell.
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C hapter 9 
Conclusions and outlook
A b stract
IN this chapter, the results from the previous chapters are summarized and combined. An empiri­cal formula for describing the lateral etch rate as function of the three relevant process parameters 
(radius of curvature, release layer thickness and temperature) is given. Furthermore, some recommen­
dations for further research on the areas of physics, chemistry, and technology are given.
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9.1 T heoretical approach o f th e  ELO process as de­
scribed in literature
The epitaxial lift-off process is a technique, which allows the separation of a thin III/V  film from 
the substrate it was deposited on. This is achieved by a selective etch of an AlAs release layer
with aqueous HF solution, thereby leaving the substrate and device unharmed. The process
large and the lateral etch rate of the process must be sufficiently high. It is therefore not 
surprising that this etch rate has been under serious investigation during the last years. The 
first model on the lateral etch rate was described by Yablonovitch et al. in 1987 [19]. They 
predicted an etch rate, based on the assumption that in etching AlAs with HF, 3 moles of H2 
gas are formed for every mole of AlAs etched. The out-diffusion of this hydrogen through the 
narrow slit between substrate and epilayer was expected to be the limiting step in the etch 
process and would therefore determine the maximum attainable etch rate. By balancing the 
amount of hydrogen formed at the etch front with the maximum amount of hydrogen that can 
be removed through the narrow etch crevice, a maximum attainable etch rate, as function of 
the depth of the etch slit was obtained. They also reasoned that by providing compressive 
stress to the III/V  device, the device would curl up, thereby keeping the etch crevice open. By 
assuming a circular shape for the device, a maximum attainable etch rate, independent of the 
sample depth, was obtained. This etch rate is constant in time and related to an effective depth 
of the etch slit. Maeda et al. [64] argued that the diffusion constant, describing the transport of 
hydrogen away from the etch front, is temperature dependent. By combining this temperature 
dependence with Yablonovitch’s model and filling in the necessary constants, the maximum 
attainable etch rate as function of the relevant process parameters is found to be:
K, E a the activation energy and K,max the maximum attainable etch rate in mm/hr.
9.2 Em pirical relation  to  describe th e  ELO process
Equation 9.1 was under investigation in the work, described in this thesis. For this purpose, a 
weight induced epitaxial lift-off process, as described in chapter 2, was used. In chapter 3, the
V  and T  is described. For the dependence of Ve [mm/hr] on h [mm] a relation, given by:
offers several advantages like lower costs and the integration of III/V  and silicon devices. If the 
process is to be used on an industrial scale, the area of the released films has to be sufficiently
(9.1)
with R  and h the radius of curvature and release layer thickness in mm, T  the temperature in
relation between the lateral etch rate and the release layer thickness and the relation between
(9.2)
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with T  =  295 K and R  =  16.5 mm was found (also see figure 3.1). The first part of this result 
clearly shows the 1 j \ f h  relation between Ve and h. In the experiments the total time needed to 
separate the layers was measured. However, for release layers of 50 nm and thicker the single 
droplet of HF used to etch the layers, evaporated before the ELO process was completed. In 
these cases the etch rate was set to 0, resulting in the -1.1 term in equation 9.2. This term, 
however, is not representative for the actual process and will therefore not be taken into further 
consideration.
The relation between Ve [mm/hr] and T  [K] (see figure 3.2) was found to be best described
by:
Ve =  13800 • e-2551/T , (9.3)
with h =  5nm and R  =  16.5 mm. Again, the relation as found in the experiments matches 
the theoretically predicted e-Ea/kT relation. From this result, the activation energy, associated 
with the diffusion of the reaction products through the etching solution can be determined to 
be 5 kcal/mole or 0.22 eV per molecule.
In chapter 4 the relation between Ve and the last parameter R  was examined. Different radii 
of curvature were induced by applying different weights to the foil. An experimental relation 
between Ve [mm/hr] and R [mm], given by:
Ve =  3.1 +  293R-1'2 , (9.4)
with h =  5nm  and T  =  323 K was obtained (also see figure 4.7). This result clearly contradicts 
with the theoretical model in at least two ways. Besides a radius dependent part, also a constant 
intrinsic etch rate of 3.1 m m /hr is found. This means that experiments show a non-zero etch 
rate for infinite R, while the model states that Ve goes to zero if R  becomes infinite. In other 
ELO experiments, where no radius of curvature was applied, non-zero etch rates were already 
found. These etch rates, however, quickly drop to zero when the etch crevice becomes deeper, 
because etchant and reaction products cannot be exchanged sufficiently anymore. If a certain 
curvature is present, the non-zero intrinsic etch rate is believed to remain present in the process, 
thereby adding a constant value to the radius dependent part. The radius-dependent part in 
equation 9.4 also contradicts with the predicted 1 /v R  relation from the model. It is believed 
that this discrepancy can be attributed to tensile strain in the AlAs release layer, due to the 
weight that forces the etch crevice open.
In the model, it was also derived that the lateral etch rate is constant over time, once 
a certain radius of curvature is present. In chapter 4, this result of the model was under 
investigation. It was found that two phases exist in the process; both phases have their own 
constant etch rate (see figure 4.4). The existence of the two phases could be attributed to the 
presence of small wax remnants on the sample edge, which were left behind after the mounting 
of a flexible foil on the sample. When the last wax remnant has disappeared, the etch process 
indeed progresses with a constant nominal etch rate, which is higher than the average etch rate 
as determined in the early research towards the ELO process.
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The combination of the results from the parameter studies as described in the chapters 3 
and 4 (equations 9.2, 9.3 and 9.4) leads to an empirical formula given by:
V 5 • 10-6^ , 93 • ^  j  e-2551/T =  ^8342 +  ^ J 6^ ^ e-2551/T , (9 .5)
with Ve in m m /hr, R and h in mm and T  in K. This formula was obtained by starting with 
equation 9.4, because this is considered to be the most reliable relation. From equations 9.2 the 
1 /V h  relation is taken and C 1/ \ [ h  (C1 is a constant) is multiplied with only the second part 
of equation 9.4, because the intrinsic etch rate is independent of the release layer thickness. 
At a release layer thickness of 5nm, the 1 /V h  part should not give any effect, so the constant 
C1 is calculated to be V5 • 10-6. From equation 9.3 the e-2551/T part is used and multiplied 
with the complete equation 9.4, corrected for release layer thickness, because both parts are 
temperature dependent. Again a correction factor C2 is used to ensure that at T  =  323 K the 
C2 • e-2551/T part has no effect. C2 is then calculated to be 2691, so that the complete formula 
is described by equation 9.5.
Besides the qualitative discrepancy between theory and experiments regarding the relation 
between Ve and R, also a quantitative discrepancy is found when comparing the theoretically 
deduced and empirically determined relations for the etch rate (equations 9.1 and 9.5). For 
frequently used parameter values of h =  5nm, R  =  16.5 mm and T  =  295 K theory predicts a 
maximum attainable etch rate of 3.8 ^ m /hr, while the experimentally obtained relation shows 
a three orders of magnitude larger value of 6.2 m m /hr under these conditions. The large dif­
ferences between theory and experiments, both qualitatively, as well as quantitatively result in 
several questions for further research.
The first question concerns the behaviour of the intrinsic etch rate as function of several 
AlGaAs release layer properties, like thickness, aluminium fraction and doping concentration. 
The second question is about the reaction chemistry of the ELO process. The third question, 
finally, concerns the influence of strain in the AlAs layers on the etch rate.
9.3 Intrinsic etch  rate
The influence of several release layer properties on the intrinsic etch rate (i.e. the radius inde­
pendent etch rate) has been investigated and the results are presented in chapter 5 of this thesis. 
For this purpose, samples with 5 AlGaAs release layers, separated by GaAs intermediate layers, 
were grown. The samples were etched for only 10 seconds without applying any curvature and 
the etch depth was measured via cross-section SEM measurements. By varying one parameter 
over the 5 release layers, the influence of this parameter can be determined, thereby keeping all 
other variables constant.
The experiments reveal that the etch process is hampered for release layers with thicknesses 
below 10 nm, while thicker release layers result in a constant etch rate. This result is to be
Ve =  2691 3.1 +
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expected because the thickness is not an intrinsic but a geometrical property of the release 
layer. Therefore, if no curvature is applied and the etch slit is not very deep, the thickness does 
not make any difference.
Furthermore, it was shown that the etch rate increases exponentially with Al fraction for 
x  < 0.4. Between x  =  0.4 and x  =  0.7 the etch rate increases more than exponentially with 
Al fraction and for x  > 0.7 the relation is roughly linear. If plotted on a logarithmic scale, 
an S-curve, as given in figure 5.5b is obtained. The AlxGa1-xAs over GaAs selectivity of HF, 
which can be derived from these data was found to vary between 1 and ~  106 (see figure 5.5b). 
This corresponds well with values reported in literature [88].
Finally the experiments demonstrated that n -type doping does not have any effect on the 
intrinsic etch rate, while the presence of p-type doping increases the etch rate up to a factor of 
5.
The average intrinsic etch rate observed in these experiments was varying between 1 and
1.5 mm/hr. The spread in these measurements can be attributed to the fact that each sample 
was only etched for 10 seconds. An accurate time measurement for such short etching times is 
difficult, and quickly leads to errors of at least 10 %. The discrepancy between the value found 
in these measurements and the value from the bulk etches in chapter 3 is also attributed to 
these measurement errors.
9.4 Influence o f strain
In the WI-ELO setup, a weight forces the etch slit open, thereby placing the AlAs layer under 
tensile strain. In order to check whether or not a difference in strain influences the etch rate, 
AlAs layers, which are under compressive strain due to a lattice mismatch with the GaAs 
substrate, were etched while the samples were subjected to a controlled bending. This results 
in a reduction of the compressive strain in the AlAs layers (see chapter 6). It was found that 
for small bending with radii of curvature of 148 mm and larger no increase in etch rate was 
observed, because the applied bending is smaller than the bending of the wafer due to the 
lattice mismatch. For total strains ranging from -0.126 % up to -0.11 % a positive influence on 
the etch rate was found, best described by: Ve =  0.15 +  75.5e with Ve the etch rate in mm/hr, 
which in practice leads to a 22 % increase in etch rate. By combining this result with the results 
from chapter 4 and the assumption that the force exerted by the weight can be projected to 
work on a small area behind the etch front, thereby placing this area under tensile strain, the 
dimensions of this area could be calculated to be determined by the sample width b and by a 
distance f *, which is approximately 4 to 6 ßm .
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9.5 C hem istry o f th e  ELO process
In the model from literature it was assumed that 3 moles of hydrogen were formed in the 
etching of 1 mole of AlAs. The diffusion of hydrogen out of the etch crevice was assumed 
to be the limiting factor of the process. In the light of the high etch rates obtained in the 
experiments (see chapters 3 and 4), these assumptions seem very unlikely. Since the reaction 
products and stoichiometry of AlAs etching by HF solution are not documented in literature, 
these issues were investigated in the present work (see chapter 7). Layers of AlAs, topped with 
a GaAs cap layer were grown, the structures were milled under a controlled atmosphere and 
placed in a glass vessel, closed with a rubber septum. HF acid was injected and the reaction 
took place. The glass phial with reaction products was placed in a centrifuge to separate the 
different fractions. In the vessel debris from the GaAs wafer, a white powder, a clear solution 
and a metal like film were found from bottom to top.
The solid reaction products were analysed with SEM-EDS and powder diffractometry, show­
ing that the white powder was an AlF3-3H2O compound and the metal like film ordinary 
GaAs powder. The reaction products in solution were determined using both aluminium and 
fluorine NMR. Besides dissolved aluminium ([Al(H2O)6]3+), the aluminium fluoride complex 
[AlFn(H2O)6-n](3-n)+ with n  =  1. . .3  was detected. The gaseous reaction products were exam­
ined with gas chromatography (GC) combined with both a thermal conduction detector and 
with a mass spectrometer (MS). The first GC clearly showed that no hydrogen was present in 
the reaction products mixture, while the latter GC showed the presence of arsine (AsH3) as the 
major gaseous reaction product. Other detected peaks were attributed to some oxygen-arsenic 
fragments like AsO+, AsOH+ and AsO+, which may have been formed from one molecule in 
the ionisation step in the mass-spectrometer.
The experiments with the GC/MS have been repeated for samples processed under different 
conditions. A strong signal for both arsine and the oxygen-arsenic compounds was measured 
for a sample processed under air and etched under an oxygen atmosphere. The reaction is 
completed in less than 20 minutes, because after that time, the intensity of the different reaction 
products does not increase anymore. If a similar sample is etched and processed under a 
nitrogen atmosphere, the intensity of the arsine peak reaches the same final intensity, but it 
takes longer (approximately 40 minutes) to reach this value. The intensity of the oxygen-arsenic 
compounds, however, is much lower in this case, indicating that the presence of oxygen results 
in the formation of larger quantities of these compounds. A final sample is processed and etched 
under a nitrogen atmosphere as well, but the etching agent has been stripped from all dissolved 
oxygen by bubbling nitrogen gas through the solution for one hour. The peaks from both arsine 
and the oxygen-arsenic compounds reached their maximum values very fast (10-15 minutes), 
but this final intensity proved to be lower than for the other two samples. This probably 
indicates that the process has encountered a blocking mechanism, resulting in the etch process 
to come to a premature halt. The presence of oxygen in the solution apparently prevents or
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undoes this blocking, because for experiments where oxygen is present, no premature halt is 
observed.
From the chemical analysis it became clear that the most important assumption in 
Yablonovitch’s model, namely the production of hydrogen, is not correct. A solid aluminium 
fluoride compound is formed, together with [AlFn(H2O)6-n](3-n)+ (n =  1. . .3) in solution. Fur­
thermore, arsine proved to be the major gaseous reaction product. This new information, 
however, does not solve the problem of the very low theoretically predicted etch rate. Both 
arsine and the aluminium fluoride compound are much larger molecules compared to hydrogen 
and they therefore most likely show a lower diffusion through the solution. If these reaction 
products were to diffuse through the narrow etch crevice, the theoretical maximum etch rate 
would be even lower. It is therefore believed that the reaction products are removed from the 
etch front in a different way. The aluminium fluoride compound showed a very low solubility 
in water or HF solution. It is therefore likely that this compound will precipitate somewhere 
in the neighbourhood of the etch front. Unfortunately, this could not be shown in practice in 
the actual ELO setup, because this setup employs an extremely thin AlAs release layer and 
the amount of aluminium fluoride formed would be so small that it is below any convenient 
detection limit. The transport of arsine from the etch front might take place via microscopic 
bubbles, this allows a much faster removal of the gas from the etch front. It, however, is still 
likely that the etch rate is limited by a diffusion step. Presently, this is believed to be the 
diffusion of HF towards the etch front.
9.6 ELO application: solar cells
The production of ELO devices offers a good possibility to check the material quality of the 
released layers. In chapter 8, the research on thin film GaAs solar cells is presented. A 
comparison is made between cells on substrate, having a back contact that covers the entire 
cell area and bifacial ELO solar cells, i.e. with grid contacts at both sides of the cell. It was 
found that ELO solar cells perform equally well, compared to substrate cells, indicating that 
the ELO process was not harmful to the device. By varying the base thickness of the solar 
cells, it was found that an optimal thickness of 1.5ßm exists for ELO solar cells, both for front 
and rear side illumination. At this base thickness the ELO solar cell even outperforms the cells 
on substrate. Besides this advantage, the cells can be illuminated from both sides at the same 
time so that the power generated by a single cell is almost doubled.
9.7 R ecom m endations for further research
The (WI-)ELO process combines chemical, physical and technical aspects. On each terrain, 
further research is necessary in order to understand and improve the process further.
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9.7.1 C hem ical aspects
Although a major part of the reaction formula and stoichiometry of the ELO etch process 
has been elucidated, still several questions remain. In the GC/MS experiments oxygen-arsenic 
compounds were detected of which the exact origin still has to be clarified. Furthermore, a 
strong influence of the presence of oxygen on both the etch rate and the formation of reaction 
products was observed. Together with this oxygen dependence, a blocking mechanism was 
encountered in oxygen-free environments. The precise nature of the role of oxygen, both on the 
formation of extra reaction products and on the blocking mechanism is still unknown.
The incorporation of pn-junctions in the structure might influence the etch rate as well, 
because this will possibly results in a different electro-chemistry. It is furthermore worth inves­
tigating whether photo-enhanced etching will increase the etch rate. Both methods might give 
more information on the role of electrons and/or holes in the etch process.
9.7.2 Physical aspects
It was found that the main gaseous reaction product of the etch process is AsH3. In 
Yablonovitch’s model it is stated that the out-diffusion of the gaseous reaction products through 
the narrow etch crevice is the limiting factor of the ELO process. Under the assumption that 
this gaseous reaction product is hydrogen, lateral etch rates in the order of micrometers per 
hour are calculated. Arsine is a much bigger molecule than hydrogen and it is therefore likely 
that diffusion of arsine will go slower than for hydrogen. This would mean that the theoretically 
calculated maximum etch rate would become even lower. Since experiments clearly contradict 
these calculations, it has become clear that diffusion of reaction products cannot be the limiting 
step in the process. It is therefore likely that arsine is removed from the etch slit in a different 
way, e.g. by the formation of small bubbles. Etching experiments of planar AlAs layers clearly 
showed the formation of bubbles and there is no reason to believe that this will not happen in 
the ELO process. However, this still has to be confirmed by experiments. Further interesting 
work in this area might be the modelling of the flows in the etch crevice by a computational 
fluid dynamics (CFD) programme.
The influence of compressive strain on the etch rate was partially determined via experi­
ments. The influence of tensile strain on the etch rate, however, still has to be evaluated more 
thoroughly. Small additions of indium or phosphorus to the AlAs release layer will lead to 
layers that experience more compressive or tensile strain, respectively. It was shown before 
that this can influence the etch rate considerably. Furthermore, a sound theoretical model is 
still lacking. Such a model, combined with the experimentally obtained process parameters 
might result in a better descriptive model of the ELO process.
126
The most laborious step in the ELO processing is the mounting of the plastic foil on the sample 
with black wax and the cleaning of the sample edges afterwards. This has to be done manually, 
and because a very thorough cleaning is essential, this step is very time consuming. A better and 
more efficient mounting procedure is therefore one of the most desired aspects of the WI-ELO 
process.
The release of larger area films from the substrate gets more complicated in the WI-ELO 
setup, especially when a whole 2-inch wafer is to be released (see front cover). In such a case 
the sample width is not uniform during the process, so that the weight on the foil does not exert 
the same relative force throughout the process. A new setup is therefore under development. 
In this setup, the ELO layer is fixed on a cylindrical holder, while the substrate is fixed on 
a flat panel. The holder is rotated with a constant speed, while at the same time the AlAs 
release layer is etched away. A constant etch rate is obtained, and during the whole process, 
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S u m m a r y
T HE epitaxial lift-off (ELO) process is a technique that allows the separation of a single crystalline film from the substrate it was deposited on via the etching of an intermediate 
AlAs release layer. For this purpose, the extreme selectivity of hydrofluoric acid (HF) for AlAs 
over GaAs is employed. The technique has a large potential for optoelectronic applications, 
because it can lead to several benefits. Among these are cost reduction via a substrate reuse, 
increased power output of devices because of better cooling capabilities and the integration 
of III/V  based devices with silicon circuitry. ELO, however, can only be implemented on an 
industrial scale in device processing if the rate at which substrate and epilayers are separated 
is sufficiently high. The lateral etch rate of the process has therefore been under serious inves­
tigation during the last years. A starting point in this research is a model, originally developed 
in 1987 by Yablonovitch et al. This model derives a theoretical maximum value for the lateral 
etch rate, based on the assumption that hydrogen is formed in the etching of AlAs with HF, 
and that the out-diffusion of this hydrogen through the narrow crevice between substrate and 
epilayers is the limiting factor of the process. A maximum etch rate of 3 im /h r  is predicted, 
whereas experiments show etch rates that exceed this value by a factor of 10 000. This gave 
reason to believe that the model contains some serious flaws and that a structural investigation 
of both the relevant process parameters and the assumptions, made in the model, was necessary.
In chapters 3 and 4 the three relevant process parameters, namely release layer thickness, 
temperature, and applied radius of curvature, are under investigation. For this purpose a 
weight-induced ELO (WI-ELO) setup is employed in which a plastic foil is mounted on the 
epilayer and a weight is used to provide the necessary curvature. It was found that the relations 
between release layer thickness and etch rate and between temperature and etch rate show a 
trend, as predicted by the model. The relation between applied radius of curvature and etch 
rate, however, was found to consist of a constant and a curvature-dependant part, thereby 
contradicting the predicted trend. Quantitatively, a large discrepancy was found between model 
and experiments, because etch rates up to 30 m m /hr were encountered in practice. The constant 
part, further on referred to as intrinsic etch rate, was investigated in chapter 5 through a multi­
release layer approach, a setup in which 5 different release layers are introduced in one sample. 
By the variation of a release layer property over the 5 release layers, the influence of this
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parameter on the intrinsic etch rate was revealed. It was shown that a variation of the Al- 
fraction in the AlGaAs release layer has the largest effect on the etch rate, while n-type doping 
and release layer thickness showed no effect, provided that the release layer thickness exceeded 
10 nm. Doping with zinc (p-type) showed a small positive influence on the etch rate. In chapter 
4, it was already shown that etching through a narrow crevice in the WI-ELO setup results in 
etch rates that exceed those obtained for etching planar AlAs layer. In chapter 6 it is shown that 
this is most likely caused by the fact that the AlAs in the WI-ELO setup experiences a massive 
tensile strain, which can be as large as 5%. By combining the results from this chapter with 
those from chapter 4, a better microscopic description of the etch front is obtained, showing 
that the force exerted by the weight is projected on an area, defined by the sample width an a 
distance of ~  5 ¡im.
Chapter 7 shows that the main assumption of the model, namely the production of 3 moles 
of hydrogen per mole of AlAs etched, proves to be wrong. By a structured investigation of 
solid, solution and gaseous reaction products, it is shown that AlF3 is formed, both solid and in 
the solution. Furthermore, it is shown that the main gaseous reaction product is arsine, while 
it is proven that no hydrogen is formed. Experiments carried out in a controlled atmosphere 
showed that oxygen plays a significant role in maintaining the reaction. The precise mechanism, 
however, is still unclear.
In chapter 8 the results obtained on solar cells, produced with the WI-ELO process are 
given. It is shown that the quality of the released ELO layers is of excellent quality, because 
the solar cells, produced from these layers show efficiencies that equal or sometimes even exceed 
those of comparable cells, processed on the substrate they were deposited on. This clearly shows 
that ELO is a viable technique for intrinsically large area applications like solar cells.
Based on the research, described in this thesis, it can be concluded that many components 
of the ELO-etching process have been elucidated. However, some points are still unclear. In 
chapter 9, several recommendations for further research are given. On the area of the chemistry 
of the ELO process, further research on the exact reaction mechanism, especially on the role of 
oxygen on the etch process, still has to be done. The removal of the reaction products through 
the narrow etch crevice, possibly by the formation of bubbles and a theoretical model describing 
the effect of strain in the layers on the etch rate form two of the interesting physical aspects, 
worthy of further investigation. In the technical part of the process, better mounting procedures 
and a new setup for releasing complete 2-inch wafers are presently under investigation.
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S a m e n v a t t i n g
H ET epitaxiaal lift-off (ELO) proces is een techniek die het mogelijk maakt om dunne een-kristallijne films te scheiden van het substraat waar ze op gedeponeerd zijn. Dit 
gebeurt door het wegetsen van een tussenliggende AlAs opofferingslaag met het etsmiddel HF. 
Dit etsmiddel vertoont een extreme selectiviteit voor AlAs ten opzichte van GaAs, waardoor het 
ELO proces mogelijk wordt. De techniek biedt grote voordelen en mogelijkheden voor de opto­
elektronische industrie. Zo wordt een aanzienlijke kostenreductie bereikt doordat het substraat 
hergebruikt kan worden. Verder kunnen op ELO gebaseerde toepassingen hogere vermogens aan 
door de betere koelingsmogelijkheden van de dunne films. Ten slotte maakt ELO het mogelijk 
om toepassingen gebaseerd op III/V  materialen te combineren met silicium structuren. ELO 
is echter alleen interessant voor industríele toepassingen indien de snelheid waarmee de dunne 
laag van het substraat gescheiden wordt, voldoende hoog is. Deze laterale etssnelheid is daarom 
gedurende de laatste jaren uitvoerig onderzocht. Het meeste onderzoek gaat uit van een door 
Yablonovitch et al. bedacht model, waarin twee aannames centraal staan. In de eerste plaats 
gaat het model ervan uit dat bij het etsen van AlAs met HF waterstofgas wordt gevormd en in 
de tweede plaats wordt aangenomen dat de afvoer van dit gas middels diffusie door de nauwe 
spleet tussen substraat en dunne film de beperkende factor van het etsproces is. Het model 
voorspelt een maximale etssnelheid van 3 im /h r , terwijl in experimenten waardes gevonden 
worden die 10.000 keer zo groot zijn. Het is daarom aannemelijk dat het model enkele serieuze 
tekortkomingen bevat, hetgeen structureel onderzoek naar de relevante procesvariabelen en de 
in het model gemaakte veronderstellingen nodig maakt.
In hoofdstuk 3 en 4 worden de drie relevante proces variabelen beschreven, te weten dikte 
van de opofferingslaag, temperatuur en aangebrachte kromming, onderzocht. Hierbij wordt 
een zogenaamde ‘Weight-Induced’-ELO (WI-ELO) opstelling gebruikt, waarbij een plastic folie 
op de dunne film wordt aangebracht en een gewichtje, dat bevestigd is aan deze folie, voor 
de gewenste kromming zorgt. De experimenten laten zien dat de relaties tussen dikte van de 
opofferingslaag en etssnelheid en tussen temperatuur en etssnelheid een trend laten zien die 
overeenkomt met het model. De relatie tussen aangebrachte kromming en etssnelheid blijkt 
echter uit een constant en een krommingafhankelijk deel te bestaan, hetgeen in tegenspraak 
is met het model. Bovendien wordt een zeer groot kwantitatief verschil tussen theorie en
141
experimenten duidelijk: in de experimenten worden etssnelheden tot wel 30 m m /hr gemeten. 
De intrinsieke etssnelheid, oftewel het constante deel in de etssnelheid, is verder onderzocht in 
hoofdstuk 5. Hiertoe is een opzet gekozen waarbij vijf opofferingslagen tegelijk zijn opgenomen 
in een structuur. Door relevante eigenschappen van de opofferingslaag over de vijf laagjes te 
varieren kan de invloed van deze eigenschappen op de intrinsieke etssnelheid bepaald worden. 
De experimenten laten zien dat de aluminium fractie in de AlGaAs opofferingslaag het grootste 
effect heeft op de etssnelheid, terwijl n-type dotering en de dikte van de opofferingslaag geen 
merkbaar effect blijken te hebben, vooropgesteld dat de opofferingslaag minimaal 10 nm dik is. 
Dotering met zink (p-type) laat een klein positief effect op de etssnelheid zien. In hoofdstuk 4 
was reeds aangetoond dat de etssnelheden die bereikt worden in de ELO configuratie aanzienlijk 
hoger zijn dan de etssnelheden die gemeten worden wanneer vlakke AlAs lagen worden geetst. 
Hoofdstuk 6 laat zien dat dit waarschijnlijk veroorzaakt wordt door het feit dat het AlAs laagje 
in de WI-ELO opstelling onder zeer grote rek, oplopend tot wel 5 %, staat. Door de resultaten 
van de hoofdstukken 4 en 6 te combineren, wordt een beter microscopische beschrijving van 
het etsfront verkregen. Hieruit volgt dat de kracht die het gewichtje uitoefent kan worden 
geprojecteerd op een oppervlak dat begrensd is door de breedte van de structuur en een afstand 
van ongeveer 5 im .
In hoofdstuk 7 wordt aangetoond dat de belangrijkste aanname in het model, namelijk dat 
er 3 mol waterstof per mol opgeloste AlAs wordt geproduceerd, onjuist is. Uit onderzoek van 
de vaste, opgeloste en gasvormige reactieproducten blijkt dat AlF3 wordt gevormd, zowel in 
vaste als in opgeloste vorm. Verder blijkt het belangrijkste gasvormige reactieproduct arsine 
te zijn terwijl er geen waterstof wordt gevormd. Etsexperimenten die uitgevoerd zijn in een 
gecontroleerde atmosfeer laten zien dat zuurstof een belangrijke rol speelt bij het instandhouden 
van de reactie. Het precieze mechanisme hierachter is echter nog onbekend.
In hoofdstuk 8 worden de resultaten beschreven van de karakterisatie van dunne film zon­
necellen, gemaakt met behulp van het ELO proces. Hiermee wordt aangetoond dat de op deze 
wijze van het substraat gescheiden dunne films van zeer goede kwaliteit zijn. De zonnecellen 
behalen namelijk rendementen die vergelijkbaar of soms zelfs beter zijn dan zonnecellen met 
een substraat.
Het in dit proefschrift beschreven onderzoek heeft veel aspecten van het ELO proces ver­
duidelijkt. Enkele punten zijn echter nog niet opgehelderd. Daartoe worden in hoofdstuk 9 
een aantal aanbevelingen voor verder onderzoek gegeven. Chemisch gezien is het interessant 
om het reactiemechanisme verder te ontrafelen, waarbij met name de rol van zuurstof in dit 
proces aandacht verdient. De afvoer van reactieproducten van het etsfront, mogelijkerwijze 
door de vorming van belletjes en het ontwikkelen van een theoretisch model dat de relatie tus­
sen spanning in de lagen en de etssnelheid beschrijft zijn twee interessante fysische aspecten 
voor toekomstig onderzoek. Op het technische vlak tenslotte kan onderzoek verricht worden 
naar betere methodes om de plastic folie te bevestigen en naar een nieuwe opstelling waarmee 
grotere dunne films (2 inch) in hun geheel van het substraat gescheiden kunnen worden.
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